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1 Introduction

Increases in traffic volume and loads, demands for longer-lasting pavements that reduce
user delays due to reconstruction, and rising costs of energy and asphalt materials are some of
the major challenges facing the paving industry and State DOTSs in the United States. The
concept of perpetual pavements has been identified as an emerging design technique to solve
these challenges. Perpetual asphalt pavements are designed to confine distresses to the upper
layer of the structure, by eliminating or reducing the potential for fatigue cracking by
maintaining the horizontal strains at the bottom of the pavement below a critical fatigue
endurance limit (FEL).

While there have been a number of successful installations of perpetual pavements, there
are still questions to be answered in order to achieve a comprehensive understanding of the
design of such pavements. For example, although various endurance limits have been proposed,
none have been determined and field validated for efficient design. The National Center for
Asphalt Technology (NCAT) suggested the FEL value for most perpetual pavement designs is in
the range of 70 to 100 pe. However, based on the results of different in-service pavement
sections, some researchers suggested the Fatigue Resistance Layer (FRL) can withstand up to
150 ue depending on the type of mixture used.

The Ohio Department of Transportation (ODOT) used the US Route 30 bypass of
Wooster, Ohio, in Wayne County to demonstrate the concept of perpetual pavement design
(Sargand, Figueroa, and Romanello, 2008). The pavement structure in the “WAY-30”
pavement, designed to limit the strain at the bottom of the FRL to 70 pe, consisted of four
asphalt concrete layers with a total thickness of 16.25 in (41.28 cm) placed on top of a 6 in
(15.24 cm) Dense Graded Aggregate Base (DGAB) layer laid over compacted subgrade. The
pavement was instrumented with strain gauges to measure transverse and longitudinal strains in
the Fatigue Resistance Layer (FRL) and Asphalt Treated Base (ATB) layer, pressure cells to
monitor subgrade pressures, and deep and shallow LVDTs to record pavement deflections. A
weather station was also used to monitor environmental conditions. Controlled Vehicle Load
(CVL) tests were carried out to monitor the responses of the pavement structure under in-service
traffic conditions. The results from WAY-30 provided important information about the design
and construction of perpetual pavements. It was also concluded the FEL is a function of
temperature and traffic speed, as these two parameters dictate the response of asphalt materials
(Sargand, Figueroa, and Romanello, 2008).

ODOT then funded a study at the Accelerated Pavement Loading Facility (APLF) at
Ohio University to determine if the thickness of an asphalt pavement could be reduced from that
of WAY-30 while still meeting perpetual pavement criteria and maintaining performance
(Sargand, Figueroa, Edwards, and Al-Rawashdeh, 2009). In this study, four perpetual pavement
sections were constructed and tested. The first section had the same asphalt layer structure as the
WAY-30 perpetual pavement. In the other sections, the total thickness of the asphalt layers was
progressively decreased to 15 in (38 cm), 14 in (35.6 cm), and 13 in (33 cm), respectively.
However, the total thickness of the pavement structure was maintained by increasing that of the
DGAB layer. The results showed reducing the asphalt layer thickness while increasing the
thickness of the DGAB layer did not have a significant effect on the measured pavement
response parameters, which suggested the thickness of asphalt layers could be reduced by at least
2in (5cm).



This research study was aimed at determining a minimum thickness design for perpetual
pavements in Ohio. To achieve this objective, pavement sections were constructed and
instrumented on the Strategic Highway Research Program (SHRP) Test Road on US Route 23 in
Delaware County, referred to as “DEL-23”. The four test sections were designed with three
different total pavement thicknesses of 11 in (28 cm), 13 in (33 cm) (two sections), and 15 in (38
cm). The response of those sections was monitored under controlled vehicle loads to determine
if they met the perpetual pavement criteria, with the exception of one 13 in (33 cm) section that
did not conform to the design at the location of the instrumentation, as explained below. The
data obtained were used to determine the design thickness of perpetual pavements that would
minimize their life cycle costs. In this report, the pavement response data collected through the
sensors installed in the experimental test sections are analyzed in order to assess the performance
of the pavement and the perpetual nature of the various sections. Furthermore, the pavement test
sections were analyzed using the computer programs PerRoad and AASHTOWare Pavement-
ME Design which modeled and evaluated the sections using realistic conditions.

ODOT must manage its resources as wisely as possible, and the results of this study will
not only help ODOT reduce reconstruction costs by implementing the perpetual pavement
concept, but to do so in the most effective way possible. Implementing a procedure to determine
the minimum thickness required to create a perpetual pavement will save on initial construction
costs and resources where conventional perpetual pavement designs exceed this minimum.
Additionally, the study examines how to use rehabilitation techniques on existing pavements to
bring them to a perpetual pavement standard, minimizing future rehabilitation costs.

2 Objectives

The main objective of this study was to develop a procedure for the selection of the
optimal design for perpetual pavements in Ohio. Other specific objectives of this project
included:

e Investigate various perpetual pavement structure alternatives through varying the thickness
and material properties of pavement layers in field test sections constructed on DEL-23 and
in the Accelerated Pavement Load Facility (APLF).

e Use data collected at the field test sections to verify the analysis results.

e Evaluate typical conventional asphalt pavement designs currently used in Ohio and develop
an approach to retrofit existing conventional asphalt pavements in good condition to meet
perpetual pavement requirements.

3 Background and Significance of Work

The perpetual pavement system, using pavement designs which result in long lasting
structures, is a development which could save state and federal departments of transportation
(DOTs) tremendous amounts of resources. Perpetual pavements are asphalt concrete (AC)
pavement structures designed to carry the heaviest vehicle loadings without the need for major
structural rehabilitation or reconstruction for at least 50 years (Asphalt Pavement Alliance,
2002). These pavement structures obtain their longevity from resisting the failure modes of
bottom-up fatigue cracking and structural rutting. They achieve this through an increased
thickness and a multiple layer system where thickness and stiffness are varied depending on the
type of distress the layer is intended to resist. Properly designed perpetual pavement structures



can provide superior engineering performance creating minimal user-delays and economic
efficiency.

Fatigue endurance limits are used to evaluate these perpetual pavement systems without
requiring the need to wait through the system’s entire service life before an analysis can be
made. It was discovered that if certain pavement responses remain below specific thresholds, the
pavement structure, in theory, can withstand an infinite amount of loading cycles without
development of damage. During loading, reactions at critical locations can be monitored and
compared with these threshold limits and if the reactions remain below the threshold limit,
damages that will transpire during the structure’s lifespan will be diminished [Timm and
Newcomb, 2006]. Both bottom-up fatigue cracking and structural rutting can be analyzed
through fatigue endurance threshold limits and will be the main source for analysis throughout
this report.

A review of literature indicates there are studies of individual perpetual pavement
projects [e.g. Battaglia, Bischoff, Ryan, and Reichelt, 2010] in addition to those in Ohio
[Sargand, Figueroa, and Romanello, 2008; Sargand, et al., 2009; Sargand and Figueroa, 2010;
Sargand, et al., 2010], and a synthesis of previous studies [Newcomb, Willis, and Timm, 2010].

Battaglia, Bischoff, Ryan, and Reichelt [2010], report on two test sections of perpetual
pavement constructed on a weigh station entrance ramp on 1-94 near Kenosha, Wisconsin.
Annual performance surveys conducted after 4, 5, and 6 years of service found many instances
of alligator cracking and longitudinal cracking in the wheel paths. The cracking was top-down,
and had not yet reached the middle layer of HMA. Thus it is believed the observed premature
cracking was due to segregation and over-compaction of the upper layers of pavement. Rutting
was less than 0.1 in (2.5 mm) and ride quality was good. The authors also noted it is difficult to
estimate an expected service life before the first surface layer replacement. The FEL (galiowable at
the bottom of the pavement) was recommended to be set to 70pue, and the constructed pavement
generally had lower strains during testing.

Park and Kim [2003] proposed a method for predicting the remaining life of flexible
pavements from FWD measurements. The performance of pavement undergoing fatigue
cracking could be predicted by their method except for sections in wet freeze regions that had
experienced high levels of cracking that appear to have been caused by environmental distresses,
such as low-temperature cracking.

The synthesis by Newcomb, Willis, and Timm [2010] recommends several areas of
continued investigation, such as the development of high-modulus asphalt pavements and mix
designs. They also recommend identifying factors that influence the fatigue limit and otherwise
refining the determination of the FEL, even though it is the subject of NCHRP Study 9-44A.

Willis [2009] and Willis and Timm [2009] compared laboratory measurements of fatigue
thresholds to cumulative strain distributions via a fatigue ratio. Correlating the laboratory fatigue
threshold to one point on the cumulative strain distribution was difficult. Instead a ratio was
used to quantify the strain distribution by comparing to the 95" percentile lower bound of the
fatigue threshold confidence interval determined in the laboratory. A table of upper bound
fatigue limits is presented by Willis [2009], with the recommendation that with similar mix
designs and traffic patterns to those analyzed, sections whose measured cumulative strain
distributions remain below the upper bound in the table should withstand fatigue cracking. The
authors recommend further research to develop the links between laboratory fatigue thresholds,
measured field strains, and pavement performance.



The above studies indicated there was a great need for developing a comprehensive
understanding of the design of perpetual pavements. The main deficiency with pre-existing
perpetual pavement design method is it does not ensure an optimum structure and/or layers that
will last for a 50-year design life.

Perpetual pavement systems can also be analyzed using the computer software program
PerRoad. PerRoad performs a layered elastic analysis with a Monte Carlo Simulation on
pavement structures. It was developed by the Asphalt Pavement Alliance to estimate stresses,
strains, and deflections within the pavement structure using loading conditions, seasonal
temperatures, pavement layer thicknesses and properties, and limiting pavement responses.
Pavement responses are compared with threshold limits in order to predict if they will be
detrimental to the pavement’s structure. Fatigue transfer functions can also be applied to
estimate accumulating damages and, therefore, lifespan. Finally, a cost analysis can also be
performed. The PerRoad program is useful for analyzing pavement structures under the likely
conditions they will experience during their service lives.

4 Literature Review

The Asphalt Pavement Alliance defines perpetual pavements as “an asphalt pavement
designed and built to last longer than 50 years without requiring major structural rehabilitation or
reconstruction, and needing only periodic surface renewal in response to distresses confined to
the top of the pavement” (Asphalt Pavement Alliance, 2002, p. 5). These innovative pavement
structures are designed to provide an infinite structural life under the heaviest vehicle loadings.
Only surface layers would intermittently require milling and replacement to reduce surface
distresses, a quick repair with minimal delays and restoration costs (Sargand, Figueroa, &
Romanello, 2008).

Perpetual pavement designs have become practical because of their engineering
performance and economic efficiency. The maintenance required incorporates minimal user-
delays. When designed appropriately, perpetual asphalt pavements can be more economical than
conventionally designed asphalt concrete pavements (Newcomb et al., 2010). Sargand et al.
(2008) estimated perpetual pavements can save state and federal DOTSs billions of dollars.

Although not recognized until recently, long-life asphalt pavements have been around
since the 1960s (Newcomb & Hansen, 2006). Many sections of pavement have received
perpetual pavement awards for having extended service lives. These sections had thicker
designs, whether full-depth or deep-strength, and were well-constructed resulting in successful
performances (Estes, 2005). Asphalt pavements built directly on the subgrade soil are called
full-depth pavements while asphalt pavements that are built on a thin granular base course are
deemed deep-strength pavements (Buchner, Newcomb, & Huddleston, 2000). Using the same
concepts, pavement systems are now purposefully designed to be perpetual.

Deterioration of perpetual pavements typically consists of cracking or rutting in the
surface layer (Nunn & Ferne, 2001). Traffic and weathering will cause damage to appear in the
surface layer every 15 to 20 years (Hatch, 2008). This damage includes top-down fatigue
cracking, thermal cracking, rutting, and surface wear (Asphalt Pavement Alliance, 2002). The
surface layer should be replaced once these distresses reach critical levels. If distresses in the
surface extend down into the structural layers of the pavement, major rehabilitation of the entire
structure will be necessary (Buchner et al., 2000). Resurfacing may also be essential when
improvements are needed for noise, driving comfort, or safety (Newcomb et al., 2010).
Replacing the surface layer can be done overnight with minimal traffic disturbance.



Perpetual pavements are especially applicable for higher traffic volume roadways due to
their ability to extend service life and minimize user delays, usually with little increase in design
thickness. They are also valid design considerations for major airports where delays due to
construction are extremely costly (Asphalt Pavement Alliance, 2002). Perpetual pavements are
typically only used for high volumes of traffic, but designs for roads with lower traffic volumes
can be vindicated as well (Buchner et al., 2000).

4.1.1 Pavement Response

Most approaches for designing perpetual pavement structures are focused on limiting the
pavement’s response to bottom-up fatigue cracking and structural rutting (Newcomb et al.,
2010).

4.1.1.1 Fatigue Cracking

One of the major components instigating structural deterioration of pavements is fatigue
cracking. Bottom-up fatigue cracking is the process where heavy traffic loading repeatedly
creates high tensile strains in the bottom of the asphalt layer due to bending. (Newcomb et al.,
2010; Retrepo-Velez, 2011; Willis, 2009). These repeated strains eventually exceed the fatigue
resistance of the asphalt concrete and result in cracking. This cracking eventually propagates
through the asphalt structure to the surface. Fatigue life is ultimately determined by the
frequency and severity of horizontal strains experienced at the base of the asphalt layer
(Newcomb et al., 2010).

Fatigue cracking is detrimental to a pavement structure. Once initiated, fatigue cracking
will accelerate pumping, rutting, and overall deterioration of the asphalt layer (Willis, 2009). If
the pavement’s environment includes freezing and thawing cycles, water that has seeped into
crack voids will expand under freezing conditions causing the crack to expand and eventually
produce a pot hole.

Although fatigue cracking occurs in the asphalt layer of the pavement structure it
ultimately affects all the other components of the structure as well. Fatigue cracking provides
openings for water and moisture to seep into the unbound layers of the pavement structure, thus
altering their material properties (Willis, 2009; Willis & Timm, 2009). Once a pavement
structure has a cracked asphalt layer and a weakened subgrade or bases from moisture damage,
major rehabilitation or reconstruction will be necessary.

Fatigue cracking is prevented in perpetual pavement by either increasing the thickness of
the pavement structure or developing a more flexible base layer which can better resist strain
repetitions (Newcomb et al., 2010). By reducing the strain at the base of the asphalt, the critical
location becomes the surface where deep structural maintenance is avoided. This does not mean
surface cracks can be overlooked due to their effect on ride quality and noise, but it does mean
rehabilitation costs will be significantly reduced (Newcomb et al., 2010).

4.1.1.2 Rutting

Structural rutting is a permanent deformation that develops when the strength of the
pavement structure is inadequate (Newcomb et al., 2010). Rutting deformation can present itself
in one or multiple layers. Structural rutting occurs in the aggregate base or subgrade while
surface rutting occurs in the surface layer of the asphalt layer.

Rutting potential can be minimized using different techniques. Studies have shown a
threshold effect where rutting potential due to compressive strains on the subgrade significantly
decreases after a certain thickness is reached (Nunn & Ferne, 2001). Structural rutting can be



prevented not only by designing a thicker pavement structure but also by increasing the stiffness
in portions of the structure as well (Newcomb et al., 2010).

4.1.2 Perpetual Pavement Design

Perpetual pavement requires proper structural design as well as the use of appropriate
materials. The main difference between perpetual pavements and conventional pavements is the
design methodology used with perpetual pavements. Perpetual pavements are designed
specifically to resist deep structural rutting and fatigue cracking (Newcomb et al., 2010). The
optimal pavement structure is obtained by using a multiple layer system where thickness and mix
design are varied depending on the type of distress the layer is intended to diminish (Tarefder &
Bateman, 2012).

The material selection involved with perpetual pavements is important. Because each
layer is designed to resist various distresses, the materials considered, mix design, and laboratory
testing should be unique for each layer (Buchner et al., 2000). When developing the surface
layer, it is important to consider shear strains (Newcomb & Hansen, 2006). All layers of the
pavement system should possess good constructability characteristics as well as, to the greatest
extent, be impermeable to avoid stripping damage along with other moisture problems
(Newcomb & Hansen, 2006). The pavement structure must also be thick enough to provide the
structural integrity needed to prevent structural rutting, fatigue cracking, and permanent
deformation while also having the durability to resist damage from the environment (Willis &
Timm, 2009).

4.1.2.1 Fatigue Resistant Layer

The structural adequacy of perpetual pavement relies on the fatigue behavior of the
fatigue resistant layer (FRL). The main function of the FRL is to provide durability and
resistance to fatigue cracking. The FRL is the bottom layer of the asphalt structure, so if
damages occur, total reconstruction is unavoidable.

Cracking tendencies need to be mitigated in the bottom layer. Increasing the asphalt
content of the bottom layer provides further protection against fatigue cracking (Buchner et al.,
2000; Newcomb et al., 2010). Carpenter and Shen (2006) estimate the FRL should have a half
percent of asphalt binder content increase. Although the asphalt content can become too high,
additional asphalt, up to a certain point, impedes the development and progression of fatigue
cracks (Asphalt Pavement Alliance, 2002). The increased amount of binder avoids the initiation
of cracks by making the layer more flexible and, thus, more resistant to repeated loading. Since
the layer is designed to reduce fatigue cracking through flexibility, rut-testing of the material
should be performed to ensure the equipment driving directly on the layer during construction
does not cause permanent damage (Asphalt Pavement Alliance, 2002). The FRL should be
between three and four inches to avoid extending base material properties into higher portions of
the asphalt system (Newcomb et al., 2010).

Although increasing the binder content in the bottom layer of the asphalt structure
provides additional fatigue protection, Newcomb and Hansen (2006) suggest increasing the total
pavement thickness is considerably more beneficial than solely relying on increasing the binder
content. Furthermore, Tarefder and Bateman (2012) report the necessity for a rich bottom
fatigue layer diminishes once the total pavement thickness starts to exceed 12 in (30.5 cm). They
also report when using an FRL, the layer does not have the stiffness required to make
contributions to the pavement’s rutting strength and using an FRL layer is not economical.

Higher air voids in the FRL will result in reduced fatigue life. The FRL should have a
max in-place density of between 96% and 98% or 2% to 4% air voids (Buchner et al., 2000).
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Typical standard designs are only compacted to between 6 and 7% air voids (Carpenter & Shen,
2006). Newcomb and Hansen (2006) suggest using a fine graded mix to permit for lower air
voids. This was also a consideration made by Willis (2009) while he analyzed data collected
from Phase 111 of the NCAT Test Track. He discovered fine graded mixtures, when compared to
coarse graded mixtures, seemed to be more resistant to cracking. The reduction in air voids
allows the layer to be further compacted, thus increasing its resistance to fatigue and improving
durability (Newcomb et al., 2010). Increasing the volume of voids filled with binder (VMA) is a
critical component to the pavement’s durability and flexibility.

Moisture susceptibility problems can be of concern with the FRL because the layer is
likely to have extended periods of contact with water (Newcomb et al., 2010). Moisture can lead
to stripping, a decrease in bond strength between the aggregate and binder, which will gradually
decrease the strength of the pavement. Proper mix designs and compaction during construction
are essential to combatting moisture susceptibility. It is also important to realize the stiffness of
the base layer will increase with time which will intensify its bottom-up fatigue cracking
potential (Nunn & Ferne, 2001). Engineers should take both of these factors into account when
designing perpetual pavement structures.

4.1.2.2 Perpetual Pavement Structural Trends

In 2012, Tarefder and Bateman compiled a prominent amount of perpetual pavement
research reports from around the country to analyze and determine the optimal perpetual
pavement structure for New Mexico. When analyzing structures of perpetual pavement test
sections, they discovered surface layers had thicknesses, on average, of 2 in (5.1 cm) with a 2.5
in (6.3 cm) transitional layer. Intermediate layers were, on average, eight inches thick and FRLs,
if they were used, were five inches. Aggregate bases were also not always used but when they
were they had an eight inch average thickness. Tarefder and Bateman also discovered that
researchers used an FRL 60% of the time and aggregate bases were used 80% of the time. When
considering the surface layer, an SMA surface course was used approximately 30% of the time
while an OGFC surface was used 15% of the time.

4.2 Fatigue Endurance Limits

A perpetual pavement system is often analyzed using some threshold level. During
loading, if reactions at critical localities within the pavement remain below this threshold,
damages occurring during the pavement’s life will be eliminated or minimized (Timm &
Newcomb, 2006). Tensile strain produced at the bottom of the asphalt is typically used for this
threshold.

The fatigue endurance limit (FEL) is a strain limit for the bottom of the asphalt layer
researchers have been using to make assumptions at early stages of the pavement’s life on
whether or not the pavement will be perpetual. The FEL has become an important consideration
for any multi-layered perpetual pavement design. Many researchers suggest that involving an
FEL while designing a perpetual pavement system is the utmost important aspect (Thompson &
Carpenter, 2006a). The Asphalt Pavement Alliance (2002) alleged the FEL is the classification
of an ideal pavement system that will not involve reconstruction.

Carpenter, Ghuzlan, and Shen (2003) performed laboratory research in order to discover
whether or not an FEL exists, possibly determine its precise value, and analyze different
variables that might alter the FEL. Their testing included ten mixtures with varying gradations,
asphalt contents, and air voids. The samples were obtained directly from the truck, were
reheated and compacted, and then tested using an IPC fatigue machine. A dissipated energy



ratio analysis was performed which quantifies the amount of energy a mixture is capable of
handling.

Carpenter, Ghuzlan, and Shen made several significant discoveries. First and foremost,
they noticed that the rate at which damage was accumulated began to diminish around 100 pe.
They predicted the FEL to be in the range of 70 pe to 90 pe. They discovered the FEL was
different for different mixes but as long as strain in the bottom of the asphalt layer remained
below 70 pe, material variability would have no effect on fatigue life. Distinct differences were
found between higher and lower strain levels regardless of the mix being tested and accumulated
damage was disproportionately less than traditional theoretical strain level fatigue testing
extrapolations.

At the November, 2007 Hot Mix Endurance Limit Workshop in Washington DC, the
FEL was defined as the “level of strain below which there is no cumulative damage over an
indefinite number of load cycles” (Advanced Pavement Technologies, 2008).

At lower strain levels, the damage produced by each loading cycle is low enough to allow
the pavement’s healing process to replace all of the energy lost while being deformed (Carpenter
et al., 2003). Thus, if strains are kept small enough, sufficient time will be available during rest
periods for damages to recover. NCHRP project 9-38 supported the existence of a FEL for the
asphalt mixes evaluated (National Cooperative Highway Research Program, 2010). As with
most properties of flexible pavement, the FEL is not a constant. Modifiers within the binder, the
aggregate used as well as it gradation, the grade of the binder, and volumetric properties of the
mixture all have an effect on the FEL value (National Cooperative Highway Research Program,
2010). An extensive lab testing program was developed under NCHRP project 9-44 (Advanced
Pavement Technologies, 2008) to relate the FEL determined in the laboratory to asphalt mixture
properties. This testing program was modified and completed under NCHRP project 9-44A
(Witczak et. al., 2013). The following model was developed, based on beam fatigue testing, for
inclusion in the AASHTOWare Pavement ME Design software:

SR = 2.0844 — 0.1386*I0g(Eo) — 0.4846*l0g(&) — 0.2012*log(N) + 1.4103*tanh(0.8471*RP) +
0.0320*log(Eq)*log(&) — 0.0954*og(Eo)*tanh(0.7154*RP) —
0.4746*log(&)*tanh(0.6574*RP) + 0.0041*log(N)*log(Eo) + 0.0557*log(N)*log(&) +
0.0689*log(N)*tanh(0.259*RP)

Where:

SR = stiffness ratio = stiffness measured at any load cycle during beam fatigue testing to

the initial stiffness of the specimen

Eo = initial flexural stiffness (ksi)

& = applied tensile strain (pe)

RP = rest period (sec)

N = number of load cycles
The FEL is the tensile strain value which results in a stiffness ratio of one in the above equation.

Fatigue limits can be established for more than just horizontal strain located at the bottom
of the asphalt layer. Engineers typically design perpetual pavement structures to limit vertical
compressive strain located at the top of the subgrade or aggregate base layer to 200 microstrain
(ne) (Willis & Timm, 2009). Furthermore, Romanello suggested (2007) that, in order to evaluate
the pavement’s potential for structural rutting, the subgrade should not exceed 20 mil (0.5 mm)



of deflection and that, in order to monitor the strain distribution throughout the depth of the
pavement, the base layer should not exceed 50 pe of horizontal strain.

4.2.1 Fatigue Endurance Limit Research in the Field

Little understanding of HMA performance is known at lower levels of strain because
fatigue testing is typically performed at higher strain levels in the lab. Furthermore, a report by
the Advanced Asphalt Technologies (2008) suggests further field research is needed on the FEL
because current fatigue damage models do not incorporate healing or damage recovery taking
place between loading cycles. Fatigue curves developed by current AASHTO models have
misrepresented field conditions when strains produced are limited (Carpenter et al., 2003). In
other words, fatigue behavior, when subjected to low strain levels, does not follow typical model
relationships. Lab testing also leaves out factors such as the environment, loading variation, and
rest periods which can alter estimated FEL values.

4.2.2 NCAT Test Track

Willis and Timm (2009) wrote a report on field-based strain thresholds using
instrumented perpetual pavement test section on the NCAT Test Track in Alabama. They
wanted to discover if there was a relationship between field measured and laboratory strain
thresholds. They also sought to recommend an FEL based on both experimental methods. Their
testing included data recorded from 2006 NCAT Test Track sections, lab tests performed on
samples obtained from the same test sections, and a PerRoad analyses.

Willis and Timm (2009) discovered sections of the test track failed due to fatigue when
experiencing strains greater than 125 pe at the bottom of the asphalt layer. While some sections
eventually failed due to fatigue even while experiencing strains lower than 70 pe, this
information was deemed to be irrelevant because the sections were constructed on poor
subgrades. Sections experiencing strain below 10 pe were considered to be overdesigned and
thus 10 pe was set as a lower bound value for the FEL. Lab testing resulted in strain thresholds
higher than thresholds revealed from the test track, with lab tests resulting in strain thresholds as
high as 220 pe. Willis and Timm found no clear correlation between lab and field testing.

Prowell and Brown (2006) performed a small study in order to determine a field-based
FEL at the NCAT Test Track. After analyzing field measurements, they supported the concept
of an FEL and found fatigue cracking was prevented when strains at the bottom of the asphalt
layer were kept below 100 pe.

Willis (2009) composed his thesis centered on an analyses of field based strain thresholds
in perpetual pavement test sections at the NCAT Test Track. He found some sections had
received strain readings at the base of the asphalt layer greater than 70 pe without fatigue
damage even after being exposed to 19 million ESALs. He concluded perpetual pavements
could possibly withstand strains greater than 70 pe or even 100 pe.

As part of Phase Ill testing at the NCAT Test Track, eleven perpetual pavement test
sections were constructed in order to evaluate the structural performance effects of thickness and
polymer additions. Six sections were constructed with three varying thicknesses, 17 in (43 cm),
15 (38 cm), and 13 in (33 cm). Each thickness incorporating a section using unmodified binder
and a section using polymer modified binder (Timm, 2009; Willis, 2009). Timm mentions two
additional sections were built, one with an FRL and one without. These additional sections also
incorporated an SMA surface course. The final three sections included two with total pavement
thicknesses of 15 in (38 cm) and one with a total pavement thickness of 13 in (33 cm) with an
SMA surface course (Willis, 2009).



A report composed by Robbins and Timm (2008) illustrated the instrumentation used for
Phase I1l. Pressure cells were installed on the surface of the subgrade and base layer. Twelve
strain gages, both in the longitudinal and transverse orientations, were placed at the base of the
asphalt layer both along the wheel path and offset to both sides. Three temperature probes were
installed to monitor pavement temperature on the surface, at mid-depth, and base of the asphalt
layer along with the granular base.

Robbins and Timm (2008) described testing performed on four different dates. They
reported loading was applied to the sections by a 12 kip steer axle, a 40 kip tandem axle, and a
20 kip single axle. Testing was performed at speeds of 15 mph (24 km/h), 25 mph (40 km/h), 35
mph (56 km/h), 45 mph (72 km/h), and 55 mph (89 km/h). Included in the report was surface
temperature data which ranged between 70°F (21°C) and 125°F (52°C) during testing.

According to Robbins and Timm (2008), longitudinal and transverse strain decreased in a
logarithmic fashion with increasing speeds. They discovered the rate at which the strain changed
due to speed amplified as the temperature increased. Hence, at higher temperatures, speed was
more influential on the strain induced at the bottom of the asphalt layer. This trend existed for
both axle types. Robbins and Timm also revealed strain exponentially increased with pavement
temperature increases for both the transverse and longitudinally oriented gages. Equations to
represent the relationship between temperature and strain were developed and resulted in high
correlations between equations and experimental data. This was also reported in Willis’s (2009)
thesis along with documentation stating that the two 15 in (38 cm) sections had still experienced
no fatigue cracking after receiving over 19 million ESALs. Additionally, although all sections
had recorded strains above 70 pg, the 14 in (35.6 cm) section utilizing the SMA surface course
and the FRL was experiencing the lowest strain values.

4.2.3 Texas

A field study was performed by Quintus (2006) by utilizing field performance data of
existing pavement structures. Quintus analyzed existing pavement structures by comparing their
survival rates to the amount of loading, thus strain, they were receiving. He wanted to determine
if field performance data supported the concept of an FEL and determine a reasonable FEL.
Quintus revealed survival rates began to dramatically increase as 100 pe and below thresholds
levels were seen. He predicted the FEL to be 65 ue with a 95% confidence level.

4.2.4 Oregon

The Oregon Department of Transportation (DOT) along with Oregon State University
performed a field study in 2005 of a perpetual pavement test section constructed on Interstate 5.
A journal article on the project written by Estes (2005) revealed the section was not originally
intended to be perpetual but after analysis was performed by Oregon State it was discovered the
section possessed perpetual qualities. The objectives of the field study were to gain valuable
information to further guidelines for future designs of perpetual pavement systems (Estes, 2005).

Scholz (2006) described the section as having a total asphalt thickness of 12 in (30 cm).
He further defined the section as being built on top of an eight inch rubblized joint reinforced
concrete pavement (JRCP) as well as a nine inch aggregate base. The section was compared to a
standard 12 in (30 cm) section constructed directly on 16 in (41 cm) of aggregate (Scholz et al.,
2006).

A large quantity of instrumentation was installed in the pavement section. Scholz (2006)
illustrated the instrumentation as 12 strain gages placed directly on the aggregate base, 6
longitudinal and 6 transverse, and 12 placed on the rubblized JRCP, also 6 longitudinal and 6
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transverse. He described the gages as being located along the wheel path and having an
orientation of four rows of three with 2 ft (61 cm) spacings between them. Four temperature
probes were used to record pavement temperature and a WIM sensor along with a classifier loop
were installed before the instrumentation in order to record loading information and location
(Scholz et al., 2006).

Estes (2005) disclosed data were collected from the section for a year and Scholz (2006)
discovered the following results. Longitudinal strain gages experienced compressive strain
directly before and after being loaded during which they experienced tensile strain. Transverse
strain gages did not experience any compressive strain. Longitudinal strains magnitude was
discovered to be greater in the standard section. Pavement seemed to be behaving elastically in
the longitudinal direction but had a more viscous response transversely. Longitudinal and
transverse strains recorded have been less than the 70 ue threshold.

4.2.5 Advanced Transportation Research and Engineering Laboratory

The Advanced Transportation Research and Engineering Laboratory (ATREL) at the
University of Illinois Urbana-Champaign branch campus has an Accelerated Transportation
Loading Assembly (ATLAS) for evaluating pavement systems under realistic loading conditions.
The loading facility is capable of inducing 10,000 loading cycles on an experimental pavement
test pad per day (Al-Qadi, Wang, Yoo, & Dessouky, 2008). The assembly is capable of
producing various loads along with multiple tire configurations.

Al-Qadi et al. (2008) wrote a report containing an evaluation of testing performed on two
perpetual pavement test sections built at the ATREL. They described the test sections as having
total pavement thicknesses of approximately of 16.5 in (42 cm). One of the test sections utilized
an SMA surface course and an FRL with an increased binder content of 5.1%. The second test
section incorporated a standard superpave surface layer and a base layer with a binder content of
4.5%. Moreover, two control sections were tested as well; one had a total pavement thickness of
about 10 in (25 cm) and the other had 6 in (15 cm). Al-Qadi detailed that all four sections were
constructed on top of a lime modified subgrade. Instrumentation of the test sections, as
illustrated by Al-Qadi, included H-type strain gages located on the top of the subgrade, both in
the longitudinal and transverse directions, and thermocouples throughout the thickness of the
asphalt layer and subgrade.

Testing of the sections at the ATREL was performed using a load of approximately ten
kips with two tire configurations including a dual-tire and a wide-base tire (Al-Qadi et al., 2008).
Al-Qadi stated the tires were filled to a tire pressure of 100 psi (689 kPa) and two speeds of 5
mph (8 km/h) and 10 mph (16 km/h) were implemented in the study. Although test sections
were outside and exposed to various temperatures, strain measurements were normalized to 77°F
(25°C).

Al-Qadi et al. (2008) reported longitudinal strain included both a compressive and tensile
zone unlike the transverse gages which only experienced tensile strain. Longitudinal strain was
also greater in magnitude than transverse strain. This difference seemed to decrease as the
thickness of the pavement increased. Strains recorded in the perpetual test sections were lower
than those found in the standard sections although strain in the perpetual sections were only
slightly lower than strains in the 10 in (25 cm) standard section. When comparing differences
between the three pavement thicknesses, Al-Qadi et al. found tensile strain was strongly
influenced by the thickness of the asphalt layer.
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4.2.6 Kansas

In order to investigate the practical use of perpetual pavement structures, the Kansas
DOT constructed and instrumented four perpetual pavement structures on U.S. Route 75. The
four sections were constructed in 2005 on top of a subgrade consisting of a high plasticity clay
with a resilient modulus of 2,500 psi (17 MPa) (Portillo, 2008). Total pavement thickness of the
sections ranged from 11 in (28 cm) to 16 in (41 cm). Thickness differences were implemented in
the base layer and a variety of binder grades were used in the intermediate and base layers. Each
section was constructed on top of 6 in (15 cm) of lime stabilized subgrade.

Each test section included the following instrumentation as described by Portillo (2008).
Strain gages were positioned on top of the lime treated subgrade. Four longitudinal and
transverse strain gage pairs were installed directly on the wheel path while four pairs were
installed 6 in (15 cm) to the right of the wheel path. One pressure cell was positioned directly on
the wheel path. Temperature probes were located at mid-depth of each asphalt layer.

Testing was conducted seven times between July 2005 and October 2007 using a class
five single axle dump truck. For each testing session, three sets of five passes were
accomplished for each pavement section consisting of three different speeds; 20-25 mph (32-40
km/h), 40-45 mph (64-72 km/h), and 55-60 mph (89-97 km/h). Wheel loads ranged within
approximately a kip (4.4 kN) of ten kip (44 kN) for each session (Portillo, 2008).

Portillo (2008) discovered speed and temperature had large effects on strain readings.
The highest strains were recorded in August while the lowest strains were recorded in October.
Additionally, there seemed to be a linear relationship between strain and temperature.
Romanoschi (2006) noted strains did not seem to have a linear relationship with speed. As speed
decreased the rate at which strains increased intensified. Abnormally, as described by Portillo,
transverse strains were greater in magnitude than longitudinal strains. Although strains were
typically lower than 70 pe, sections with pavement thickness’s less than 16 in (41 cm)
experienced some longitudinal strains greater than 70 pe when the truck was traveling at 20 mph
(32 km/h) along with transverse strain exceeding 70 pe at all three speed increments (Portillo,
2008). Strain measurements produced by the steering axle were typically between 50% and 70%
of the strains produced by the rear axles suggesting that assessing damages caused by the
steering axles ought to be considered (Romanoschi, Gisi, Portillo, & Dumitru, 2008).

4.2.7 New York

In 2008, Ohio University and the New York State DOT instrumented a perpetual
pavement test section in hopes of validating New York State DOT designs and to further
investigate the concept of perpetual pavements. Sargand, Khoury, and Morrison (2012) describe
the test section as a 7.5 in (19 cm) asphalt layer constructed on top of 9 in (23 cm) of rubblized
Portland cement concrete (PCC).

Sargand et al. (2012) explains the instrumentation as three transverse and five
longitudinal strain gages in the base layer and two transverse and six longitudinal strain gages in
the intermediate layer. Moreover, two pressure cells were installed on the subgrade surface and
two deep and shallow linear variable displacement transducers (LVDT) were installed to
reference subgrade displacement and total pavement system displacement. Finally,
thermocouples were placed in the base and intermediate layers to monitor pavement temperature.
CVL testing was conducted in October of 2008 and May of 2009 (Bendana et al., 2009).

Overall, Sargand et al. (2012) found that strain results were typically below 70 pe.
Sargand et al. commented that during visual inspection between 2008 and 2011, no damage
requiring reconstruction was noted even after the pavement had been subjected to heavy truck
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loading and weathering. Sargand et al. also mentions that during FWD testing strain resulting in
the base layer was around 100 pe when using a 16 kip (71 kN) impact load. The pavement
temperature was recorded at 84°F (29°C) during FWD testing.

4.2.8 Accelerated Pavement Load Facility

The Accelerated Pavement Load Facility (APLF) is an indoor pavement testing facility
located at the Ohio University Lancaster branch campus. The facility is capable of representing
tire loading and environmental effects. Tire loading can be simulated at speeds less than or equal
to 5 mph (8 km/h) and at loads of up to 30 kip (133 kN) (Hernandez, 2010). The facility is
unique in that it can simulate various environmental effects including air temperatures ranging
between 10°F (-12°C) and 130°F (54°C) in addition to any percentage of humidity. The APLF
also incorporates the use of underground pipes to allow the subgrade moisture to be manipulated.
Ohio University evaluated four perpetual pavement sections at the APLF.

The perpetual pavement sections built at the APLF were used to evaluate the impact of
various perpetual pavement thicknesses. Sargand, Figueroa, Edwards, and Al-Rawashdeh (2009)
describe the sections as including an A6-A7 subgrade soil, a 6 in (15 cm) DGAB, and the use of
FRLs. The total pavement thicknesses of the sections were 13 in (33 cm), 14 in (35.6 cm), 15 in
(38 cm), and 16 in (40.6 cm), which was accomplished by following the WAY-30 design and
altering the thickness of the intermediate layer and adjusting the DGAB to make the surface
level. Different types of Warm-Mix Asphalt (WMA) were used in the surface layer but had
negligible effects on the perpetual pavement behavior.

Instrumentation was installed in the sections in order to experimentally investigate the
sections. Hernandez (2010) explains the instrumentation as including two longitudinal and two
transverse strain gages spaced 18 in (46 cm) apart located at the bottom of the asphalt layer.
Additionally, one pressure cell was placed on top of the subgrade and deep and shallow LVDTs
were used.

Testing was performed at various temperatures using multiple loads. The pavement
sections were subjected to loadings of 6 Kip (27 kN), 9 kip (40 kN), and 12 kip (53 kN) at
temperatures of 40°F (4.4°C) , 70°F (21°C), and 104°F (40°C) (Hernandez, 2010). Sargand et al.
(2009) state the test sections were tested before and after being subjected to 10,000 loading
cycles of a 9 kip (40 kN) wheel load. Both the loading cycles and testing were performed at 5
mph (8 km/h).

Many response trends were discovered by Sargand et al. (2009) as a result of their
experiment. Transverse and longitudinal strains in the FRL were only slightly higher as the
thickness of the structure decreased independent of temperature and loading. These facts lead
them to believe that similar effects would be seen by increasing the base structure as increasing
the asphalt structure. Longitudinal strains remained below 70 pe except for a few outliers during
test runs with 12 kip (53 kN) of loading at 104°F (40°C). Increases in longitudinal strain were
seen when increasing either load or temperature. Hernandez’s (2010) report made additional
observations by adding that the longitudinal strain went from compressive to tensile and back to
compressive again while being loaded whereas the transverse strain was only subjected to tensile
strain. Also, longitudinal strain seemed to increase more rapidly as temperature increased while
the transverse strain had a linear relationship with temperature creating an increased difference
between the two at higher temperatures. Finally, he added temperature had less effect on strain
as pavement thickness was increased.
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4.2.9 Interstate 77, Canton, Ohio

The first instrumented perpetual pavement section constructed in Ohio was located in
Canton, Ohio on Interstate 77. Sargand and Figueroa (2010) recounted the section had a total
pavement thickness of 16.25 in (41.3 cm), which included an FRL and an SMA surface course.
The section was reported to have been instrumented with three longitudinal and three transverse
strain gages at the bottom of the FRL, two pressure cells located on the subgrade surface, and
thermocouples installed near the strain gages.

CVL testing of the section took place on December 15 of 2003 (Sargand & Figueroa,
2010). Sargand and Figueroa (2010) denoted the testing as a single axle dual tire producing a
13.5 kip load at speeds of 5 mph (8 km/h), 30 mph (48 km/h), 40 mph (64 km/h), and 50 mph
(80 km/h). The pavement temperature that evening was measured at 36°F (2.2°C). No further
testing has been completed because of high traffic volumes on the section.

Due to minimal testing only a few conclusions could be made by Sargand and Figueroa
(2010). The first was an increase in strain with decreasing speeds. The maximum longitudinal
and transverse strains, 35.6 pe and 24.4 e respectively, were recorded at a creep speed of 5 mph
(8 km/h). Strains received at 50 mph (80 km/h) were slightly lower at 28.7 ue and 20.0 ug for
longitudinal and transverse respectively. Pressures measured by the pressure cells were minimal
for all increments of speed.

4.2.10 U.S. Route 30, Wayne County, Ohio

In the fall of 2005, the Ohio DOT constructed a perpetual pavement test section on U.S.
Route 30 in Wayne County, Ohio, also known as WAY-30. Sargand, Khoury, Romanello, and
Figueroa (2006) label the route as being a rural freeway. Three identical test sections were
instrumented in order to analyze performance and design assumptions.

Sargand, Romanello, and Figueroa (2008) made the following descriptions on the three
instrumented test sections. The sections had total pavement thicknesses of 16.25 in (41.3 cm)
including a 4 in (10 cm) FRL and an SMA surface course. The asphalt layer was constructed on
a 6 in (15 cm) crushed DGAB all of which was supported by a compacted subgrade with a CBR
of between four and six. Strain gages were installed in the FRL in order to monitor fatigue
resistance as well as in the intermediate layer to evaluate the pavement’s potential for cracking.
Strain gages were oriented in the longitudinal and transverse directions. Shallow and deep
LVDTs were used to measure displacement of the total pavement system or subgrade. Subgrade
pressure was measured through the use of pressure cells installed on the subgrade surface. An
automated weather station was constructed to monitor air temperature, precipitation, wind speed
and direction, relative humidity, and incoming solar radiation.

CVL testing was conducted in December of 2005, July of 2006, and May of 2008.
Testing performed in December of 2005 was done prior to the roadway being opened to traffic.
A standard Ohio DOT single and tandem axle truck were the testing vehicles (Sargand et al.,
2008). Sargand et al. reported pavement temperatures of 30°F (-1.1°C) to 35°F (1.7°C) were
experienced in December and 95°F (35°C) to 126°F (52 °C) in July. Pavement temperatures
ranging between 56°F (13°C) and 74°F (23°C) were reported by Restrepo-Velez (2011) for the
May testing. Varying between approximately 20 kip (89 kN) to 30 kip (133 kN) and 35 kip (156
kN) to 50 kip (222 kN) were axle loadings used for the tandem and single axle, respectively
(Restrepo-Velez, 2011; Sargand et al., 2008). Testing was conducted in a similar fashion during
all three sessions.

A large amount of quality results were obtained on WAY-30 since testing was conducted
at various speeds, temperatures, loads, and axle configurations. Although the tandem axle truck
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carried a greater load than the single axle truck, strains were found to be higher for the single
axle truck than for the tandem axle truck while both axle types produced higher strains at lower
speeds as depicted by Restrepo-Velez (2011). However, this was not the case for transverse
strains recorded in the intermediate layer. She discovered strains were higher in the FRL than
the intermediate layer. Also, Restrepo-Velez found longitudinal strains experienced tension and
compression while transverse strain experienced only tension. Sargand et al. (2006) reported
pressures in the subgrade were higher due to the tandem axle than the single axle. Furthermore,
pressures typically decreased with increasing truck speeds. Although no deflections were
recorded exceeding 20 mil (0.5 mm), greater deflections were produced as temperature was
increased (Romanello, 2007; Sargand et al., 2008). Romanello (2007) added this effect was less
profound in the subgrade. Sargand et al. (2008) concluded although some strains were recorded
above the 70 pe threshold, they were produced at abnormally slow speeds and heavy loads and
therefore under typical conditions the pavement would rarely be subjected to strain values in the
FRL exceeding the FEL.

4.2.11 Summary

Many common discoveries and trends can be discerned in the research reviewed in this
chapter. Instrumentation almost always included strain gages located at the bottom of the asphalt
layer along with pressure cells installed on the subgrade surface. Furthermore, temperature
probes were used to monitor pavement temperature. Some researchers also installed strain gages
in the intermediate layer and/or displacement sensors. All of the research showed an increase in
pavement strain, pressure, and displacement with increasing pavement temperatures.
Additionally, many findings reported an exponential relationship between strain and temperature.
Researchers tended to find an increase in strain with a decrease in speed as well with some
researchers denoting a linear relationship. Strain results typically decreased with decreasing
loads as well as an increase in total pavement thickness. If multiple axle configurations were
used, tandem axles, even when carrying higher loads, typically generated lower strains. This was
not necessarily the case when analyzing pressure and displacement data.
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5 DEL-23 Project Background

5.1 Project Site Description

As part of the ODOT’s Partnered Research Exploration Program, ODOT and the Ohio
Research Institute for Transportation and the Environment (ORITE) continued research with
intentions of developing optimized perpetual pavement designs in Ohio through the
instrumentation of four pavement test sections with varying thicknesses during reconstruction of
test sections on the Strategic Highway Research Program (SHRP) Test Road on U.S. Route 23 in
Delaware County, Ohio, near the town of Waldo, henceforth referred to as “DEL-23”. The
project was focused on analyzing the impact of varying total pavement thicknesses by
monitoring data obtained during CVL testing. Research findings should help provide further
understanding of the optimal design thickness for perpetual pavements in order to minimize their
life cycle costs. The location of DEL-23 is indicated with a green dot in the map of Ohio in
Figure 1.

)
— ToliRoads Gk |
{3 Us Highways

. Interstate Highways

Figure 1. Locétion of SHRP "'Fsest Road (DEL—2§5, indicated by the green do“'.t.(Geology, 2013).

In this project, DEL-23 included four asphalt concrete perpetual test sections. Two of the
test sections were constructed on North Waldo Road as indicated by the red arrow in Figure 2.
The two sections were constructed adjacent to each other, section 39BN803 in the northbound
lane and section 39BS803 in the southbound lane. The two remaining test sections were
constructed on the northbound lanes of the U.S. Route 23 mainline, indicated by the green arrow
in Figure 2. These sections were also adjacent to each other with section 39D168 residing in the
driving lane and section 39P168 in the passing lane.
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Figure 2. View of SHRP test road with arrows showing location of DEL-23 Test Sections (picture by ODOT).

5.2 Design of Test Sections

The pavement thicknesses were selected to validate results previously obtained from
existing sections on WAY-30 and the Accelerated Pavement Load Facility (APLF). A practical
perpetual pavement design was ultimately used. Sections with a total asphalt thickness of 15 in
(38 cm) and 13 in (33 cm) were similar to sections constructed in the APLF and were expected to
have strains of 70 pe or less at the bottom of the FRL. The section with a total asphalt thickness
of 11 in (28 cm) was expected to have a strain of 70 pe or more. Table 1 lists specifications for

each layer used.

Table 1. Layer specifications for DEL-23 perpetual pavement sections.

PG Binder Binder

Layer Description Grade Content
Surface Fine Graded Polymer Asphalt Concrete | PG 76-22M 7.6%
Intermediate Asphalt Concrete, 19 mm PG 64-28 4.9%
Base Asphalt Concrete PG 64-22 4.2%
Fatigue Resistant Fatigue Resistant Base Layer PG 64-22 4.6%

Table 2 provides the specified layer thicknesses for each section.

Each section was

constructed on a six inch DGAB. The subgrade for all four sections had a soil classification of

17



A-6. In addition, the subgrade for sections 39BS803 and 39BN803 had been chemically
stabilized through lime treatment during a previous construction project. Testing conducted by
Ohio University revealed the subgrade beneath sections 39D168 and 39P168 had an average
resilient modulus of 20 ksi (138 MPa) while the stabilized subgrade for section 39BS803 and
39BN803 had an average resilient modulus of 40 ksi (276 MPa). After construction of the test
sections, core samples obtained revealed Section 39P168 had been constructed with a total
pavement thickness of 16 in (41 cm), a 3 in (7.6 cm) increase from what had been specified. Due
to this discrepancy, data obtained from this section are not presented in this report.

Table 2. Specified layer thicknesses of DEL -23 pavement sections.

39D168 39P186 39BS803 39BN803
Layer (in) | (cm) | (in) | (cm) | (in) | (cm) | (in) | (cm)

Surface Layer 1 25 1 2.5 1 2.5 1 2.5
Intermediate Layer 2 5.1 2 5.1 2 5.1 2 5.1
Base Layer 8 20.3 6 15.2 6 15.2 4 10.2
Fatigue Resistant Layer 4 10.2 4 10.2 4 10.2 4 10.2
Total Pavement Thickness 15 38.1 13 33.0 13 33.0 11 27.9

5.3 Instrumentation of Test Sections

In order to evaluate pavement responses while being exposed to dynamic loading and
various environmental conditions, numerous sensors were installed throughout the pavement
structure. ORITE developed a comprehensive instrumentation plan including the use of
thermocouples to measure pavement temperature throughout the depth of the pavement and air
temperature. Linear Variable Differential Transformers (LVDT) were installed in order to
measure deflections of the pavement structure as well as the subgrade exclusively and strain
gages to monitor horizontal pavement strains. Pressure cells recorded subgrade and FRL
pressures. Horizontal strain gages were installed in every asphalt layer in the longitudinal,
transverse, and 45° positions. Furthermore, for each section excluding 39BN803, a square and
round hole were cored through the entire depth of the pavement along the instrumentation line
and strain gage rosettes were bonded to their walls to acquire additional strain measurements
including the vertical direction. A detailed layout of the entire instrumentation plan is presented
at the conclusion of this section.

5.3.1 Strain Gage Installation

Two different strain gages were used to measure pavement strains on DEL-23. A
majority of the gages were embedment strain gages of type KM-100HAS, provided by Tokyo
Sokki Kenkyujo Co. These gages had a 350 Q full bridge resistance. The second type of strain
gages used were asphalt strain gages of type PMFLS-60, also provided by Tokyo SokkKi
Kenkyujo Co. In contrast, these gages had a 120Q quarter bridge resistance.

For all of the sections excluding section 39BN803, four longitudinal, one transverse, and
one 45° diagonally-oriented strain gage were installed at the bottom of the FRL. Also, the base
layer was instrumented with three longitudinal and transverse strain gages accompanied by two
45° strain gages. Finally, the intermediate layer contained two sets of a longitudinal, transverse,
and 45° strain gage. Section 39BN803 utilized six longitudinal strain gages in the FRL and three
longitudinal and three transverse strain gages in the base layer. It did not contain any gages in
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the intermediate layer.

Preceding the paving of the asphalt layer receiving instrumentation, strain gage location
layouts were painted using LVDT stakes as reference points. Lead wires were stretched to their
pull boxes on the side of the road and buried in the DGAB when instrumenting the FRL, or taped
to the asphalt surface when instrumenting the base and intermediate layers. In order to prevent
the paver from damaging or shifting the strain gages they were embedded and buried by hand in
a thin layer of asphalt before paving equipment laid down the entire lift. Asphalt used to embed
and bury the strain gages was attained directly from the truck and sifted in order to remove large
aggregates that might have punctured the strain gages or lead wires. For further protection of the
instrumentation, during compaction, two passes of the compaction rollers were made before
vibratory roller compaction was used. All of the strain gages installed were found to be working
properly after the pavement had cooled.

Due to the thin nature of the surface layer, a slightly different approach was used when
installing gages in this layer. In all of the sections except for section 39BN803, one longitudinal,
transverse, and 45° oriented strain gage was installed. This was accomplished by leaving a thin
piece of metal approximately the size of the strain gage in the proper location and orientation
while the surface layer was paved. Figure 3 illustrates the metal plates after the surface layer had
been paved. After the paving was complete and the asphalt had cooled, these metal plates were
removed and a strain gage was bonded in its place. The gages used for the surface layer were
120Q, quarter-bridge, type WFLM-60, provided by Tokyo Sokki Kenkyujo Co.

Figure 3. Surface layer strain gage orientations.

5.3.2 Pressure Cell Installation

For DEL-23, pressure cells were utilized to monitor vertical pressure in the subgrade.
Two Geokon 3500 pressure cells were installed on the subgrade surface for each section. These
pressure cells are created to measure changes in stress applied to their surface (Hornyak,
Crovetti, Newman, & Schabelski, 2007). These pressure cells measure pressure though the use
of a pressure transducer connected to liquid, a high stiffness oil, confined between two steel
plates (Portillo, 2008). When a load is applied to the flat circular surface, the plates deflect
causing the fluid pressure to increase.

In order to avoid construction equipment driving directly over the pressure cells, they
were installed after the DGAB had been graded. At this point, holes were excavated down to the
subgrade along with trenches leading off the road large enough to encompass the earth pressure
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cells and their lead wires. The pressure cells were installed using a layer of sand above and
below them to provide a uniform surface before being buried by the aggregate base.

In addition to the subgrade pressure cells, two pressure cells were installed on the surface
of the FRL in every section except for 39BN803. These pressure cells were different from those
used on the subgrade. They were Total Earth Pressure Cells purchased from RST Instruments.
A unique feature of these pressure cells was a kink in the tube allowing the cell to lie flat on the
hard, DGAB surface while their handles were buried in the DGAB. Similarly, the pressure cells
were first surrounded by sand to provide them with a uniform surface. Then, directly before
paving took place, the pressure cells were hand compacted in a thin layer of sifted asphalt in a
similar fashion as the strain gages. Their lead wires were installed similar to that of the strain
gages as well.

5.3.3 Thermocouple Installation

Two thermocouples were installed in the instrumentation line of every asphalt layer
receiving instrumentation.  Single point thermocouples purchased from Measurement
Instruments were used to measure pavement temperature of the various asphalt layers. An
additional thermocouple was used to measure air temperature. Thermocouples were installed in
the same way as strain gages.

5.3.4 Linear Variable Differential Transducer (LVDT) Installation

Linear Variable Differential Transducers (LVDTSs) from Trans-Tek were used to measure
vertical deflections. Before the LVDTs were installed, they were calibrated. Calibration data
can be found in Appendix A.

A diagram of the LVDT enclosure and reference rod for the 13 in (33 cm) section is
displayed in Figure 4. Diagrams of the LVDT enclosures and reference rods for all sections can
be found in Appendix B. As shown in the Figure, the LVDT was connected to a plate inside the
LVDT enclosure. The LVDT enclosure was installed in the asphalt concrete so that when the
surface of the pavement displaced in the vertical direction, the LVDT enclosure and thus the
LVDT displaced as well. During these vertical displacements the LVDTs measured off of deep
and shallow reference rods. Deep LVDT reference rods extended 11 ft (3.4 m) below the
subgrade surface where displacements from the load were insignificant. Displacements
measured by deep reference rods represented the displacement of the entire pavement system.
Shallow reference rods, as shown in Figure 3.16, extended to the subgrade surface. By
subtracting displacements measured from the shallow reference rods from displacements
measured from the deep reference rods displacement of the subgrade was obtained.
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Figure 4. LVDT enclosure and reference rod diagram (1 in = 2.54 cm).

LVDT installation began after the DGAB had been placed. At this point, the LVDT
locations were surveyed and holes were bored approximately 10 ft (3 m) deep in the subgrade in
order to install the deep LVDT reference rods. PVC piping was used to prevent the hole from
collapsing and reference rods were driven another foot or two (0.3-0.6 m) into the bottom of the
hole. Next, the deep reference rods were grouted into place. Holes were then excavated down to
the subgrade surface and shallow LVDT plates and reference rods were placed. Surveys were
then made so that the location of the LVDT reference rods could be located after the completion
of paving.

After the completion of paving, cores were made through the pavement in order to gain
access to the LVDT reference rods. Then, rod extensions and caps were connected to the
existing rods to elevate them to the proper height. LVDTs were housed in cases that were
connected using bolts and Pro-proxy adhesive in the core holes. The caps of the LVDT
enclosures were flush with the pavement surface.

5.3.5 Strain Gage Rosette Hole Installation

A unique feature installed in DEL-23 were vertical rosettes installed along the walls of a
round and square hole in section 39BS803, 39P168, and 39D168. The round holes had diameters
of 6 in (15 cm) and the square holes had widths of 6 in (15 cm). Strain gage rosettes were
installed in the holes on the walls parallel and perpendicular with traffic. Two strain gages
rosettes per wall were placed in the base layer while one strain gage rosette was placed in the
intermediate and surface layers. Surface layer strain gage rosettes were not implemented in the
round holes. A diagram for the square rosette hole in the 13 in (33 cm) section is displayed in
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Figure 5. Dimensions of the base layer strain gage rosettes varied depending on the thickness of
the base layer. Diagrams for square and round rosette holes for all sections containing them can
be found in Appendix C. The gages used for the rosette holes were 120Q, quarter-bridge, type
WFLM-30, provided by Tokyo Sokki Kenkyujo Co. Due to limitations involved with the
thickness of the surface layer, type WFLM-10 gages were used for the surface layer.
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Figure 5. Strain gage rosette square hole diagram (1 in = 2.54 cm).

The rosette hole installation process began after the DGAB was placed. At this point,
PVC pipes were buried in the DGAB from the location of the rosette holes to the edge of the
road so strain gage wires could be snaked underneath the pavement after the rosette holes were
constructed. Next, after the completion of paving, six inch cores were made in the locations of
the rosette holes (Item 1 of Figure 6). A grinder was used to square off the square rosette holes
as shown in Item 2 of Figure 6. Then, strain gage rosettes were bonded to the walls of the holes
in their proper locations through the use of a rubber mat (Items 3 and 4 of Figure 6). For the

22



square holes the strain gage rosettes were held in place with a clamp while the adhesive dried
while a balloon was used to keep pressure on the strain gage rosettes in the round holes (Item 5
of Figure 6). Finally, lead wires were snaked through the PVVC piping.

Figure 6. Strain gage rosette installation: 1. Drilling hole; 2. Grinding square hole; 3. Attaching gage t

round hole; 4. Gages arrayed for installation; 5. Balloon used to hold gages in place while adhesive dried; 6.
Gages in square hole with lead wires attached.

A diagram illustrating the entire instrumentation layout for the 13 in (33 cm) and 15 in
(38 cm) sections is presented in Figure 7. Instrumentation diagrams for the 11 in (28 cm) section
are shown in Appendix D. Yellow represents strain gages which can be found in the fatigue
resistant, base, and intermediate layers. Beneath the strain gage locations in the profile view an
L, T, or 45 is given indicating the orientation of the strain gage with L, T, and 45 representing
longitudinal, transverse, and 45° respectively.  Red represents thermocouples. Two
thermocouples were located within each layer’s strain gage lineup as shown in Figure 7. Deep
and shallow referenced LVDTs can be found in either direction of the strain gages and
thermocouples. LVDTs are represented by the color blue. Finally, located at the end of the
instrumentation line are the strain gage rosette holes with the round hole preceding the square
hole. The strain gage rosette holes are indicated with turquois. Surface layer strain gages are not
presented in Figure 7 but were aligned directly before the first set of LVDTSs; all of the sensors
reside in the wheel path of the lane.
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Figure 7. Instrumentation layout for 13 in (33 cm) and 15 in (38 cm) sections (1 ft




5.4 Controlled Vehicle Load Testing

Controlled vehicle load (CVL) testing was performed to evaluate the various pavement
structures under real traffic conditions. Many variables were controlled while performing CVL
tests. For example, data was collected from the sensors while being subjected to a known load,
axle type, tire pressure, and speed. Although lateral offset of the tire load could not be
completely controlled, it was monitored through the use of sand prints as shown in Figure 8.
CVL testing was performed using two different drivers driving ODOT dump trucks. Figure 9 is
a photo of one ODOT truck utilized. For every variation of load, axle type, tire pressure, and
speed, at least five tests were performed and the three tests with the least amount of lateral offset
measured were used for analysis. The actual offset measurements are presented in Appendix |I.

Figure 8. Measurement of lateral offset from tire track after loaded truck has passed over the sensors.

Figure 9. An ODOT truck loaded for CVL testing.

The first round of CVL testing was conducted during the end of November and
throughout December of 2012. For this round of testing, two types of axle configurations were
used with the maximum load the ODOT trucks were capable of carrying. The first truck utilized
a dual tire, tandem axle while the second truck consisted of a single axle with a single wide-
based tire. The two axle configurations are depicted in Figure 10. The maximum loading
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resulted in the tandem and single axle types carrying approximately a 37 kip (165 kN) and 29 kip
(129 kN) axle load, respectively. The exact loadings and dimensions used can be found in
Appendix E. This round of testing consisted of tire pressures of 80 psi (552 kPa), 110 psi (758
kPa), and 125 psi (862 kPa) and truck speeds of 5 mph (8 km/h), 30 mph (48 km/h), and 55 mph
(89 km/h).

Figure 10. Axle configurations used in CVL tests: Left, tandem axle; right, single axle with wide base tire.

6 CVL Testing Pavement Response in Late Autumn

Controlled vehicle load (CVL) testing was conducted on the perpetual pavement test
sections during the months of November and December 2012. Three separate days were used for
testing of the 11 in (28 cm), 13 in (33 cm), and 15 in (38 cm) sections but testing for each section
did not extend to multiple days. Henceforth, sections 39BN803, 39BS803, and 39D168 will be
identified as the 11 in (28 cm), 13 in (33 cm), and 15 in (38 cm) sections respectively. Each
section was tested throughout the course of a single day, typically between 10:00 AM and 3:00
PM. Although pavement temperatures remained fairly consistent during testing some variations
were seen throughout the course of testing for each section and between testing days. The
following provides information on air and pavement temperatures measured throughout the
course of testing.

The 11 in (28 cm) section was tested on December 18, 2012. Figure 11 displays the air
and pavement temperatures recorded during testing. Temperatures were measured every 15
minutes. Testing was conducted throughout the day at a tire pressure of 125 psi (862 kPa),
followed by 110 psi (758 kPa), and finally 80 psi (552 kPa). For each tire pressure, testing began
at 5 mph (8 km/h), then 30 mph (48 km/h), and finally 55 mph (89 km/h). Tandem and single
axle trucks made test runs consecutively. Temperatures recorded during the test days can be
found in tabular form in Appendix F.
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Figure 11. 11 in (28 cm) section temperature profile during CVL testing December 18, 2012.

The 13 in (33 cm) section was tested on December 19, 2012. Figure 12 illustrates the air
and pavement temperatures measured during testing. Temperatures were recorded every 15
minutes. Testing was conducted throughout the day at a tire pressure of 125 psi (862 kPa),
followed by 110 psi (758 kPa), and finally 80 psi (552 kPa). For each tire pressure, testing began
at 5 mph (8 km/h), then 30 mph (48 km/h), and finally 55 mph (89 km/h). Tandem and single
axle trucks made test runs consecutively.
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Figure 12. 13 in (33 cm) section temperature profile during CVL testing, December 19, 2012,

The 15 in (38 cm) section was tested on November 29, 2012. Figure 13 shows the air and
pavement temperatures measured throughout the progression of testing. Temperatures were,
once again, measured every 15 minutes. Testing was conducted throughout the day at a tire
pressure of 125 psi (862 kPa), followed by 110 psi (758 kPa), and finally 80 psi (552 kPa).
Unlike the 11 in (28 cm) and 13 in (33 cm) sections, for each tire pressure, testing began at 55
mph (89 km/h), then 30 mph (48 km/h), and finally 5 mph (8 km/h). Tandem and single axle
trucks made test runs sequentially. Tables containing the full set of strain data are presented in
Appendix G, and tables with the measurements collected from the LVDTSs and pressure cells are
given in Appendix H. The subsequent discussion is based on the maximum and average
response values obtained.
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Figure 13. 15 in (38 cm) section temperature profile during CVL testing, November 29, 2012.

6.1 Strain Response of the Pavement

The pavement’s strain response was dependent on many factors. One of these factors
included the orientation of the strain gage. A strain gage aligned parallel with traffic, or in the
longitudinal direction, tended to receive compression strains as the truck tire approached and
moved away from the location of the strain gage. However, while the tire load was passing over
the longitudinal strain gage it produced a tensile strain. The compression and tensile strains
experienced by a longitudinally oriented strain gage are displayed in Figure 14 which represents
the longitudinal strains measured in the FRL of the 11 in (28 cm) section during a single axle test
run.
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Figure 14. Longitudinal strain response measured from passing single axle truck with wide-base tire.

As seen in Figure 14, Compression strains were recorded as negative values whereas
tensile strains were recorded as positive values. The first tensile strain peak received by the
strain gage was due to the steer axle of the truck while the second tensile strain peak was due to
the loading produced by the single axle at the rear of the truck. Figure 14 shows both the steer
and single axle tensile strain peaks are preceded and succeeded by smaller but notable
compression strain peaks. Although it is important to note the pavement responded with both
tensile and compression strains in the longitudinal direction, the critical value, which will be
analyzed throughout these results, was the maximum strain recorded. For this scenario, the
maximum strain recorded was tensile and was approximately 42 pe. As noted in Figure 14, the
maximum strain produced by the steer axle was approximately 22 pe; about 52% of the
maximum tensile strain produced by the rear single axle. The tire load produced by the steer
axle, which utilized a regular tire, was measured to be 6.10 Kips; about 43% of the tire load
produced by the rear single axle wide-base tire configuration which was measured at 14.25 Kips.

Conversely, strain gages oriented perpendicular to the flow of traffic, or in the transverse
direction, tended to receive only compressive or tensile strains depending on the depth of the
gage. The transverse strains measured in the base layer of the 11 in (28 cm) section during a
single axle test run are shown in Figure 15. As both the front and single rear axle passed over
the strain gage, only a tensile strain peak was recorded by the strain gage.
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Figure 15. Transverse strain response measured from passing single axle truck with wide-base tire.

The tandem axle truck was another factor influencing the pavement’s strain response.
Figure 16 displays the longitudinal strains recorded in the FRL of the 11 in (28 cm) section
during a tandem axle test run. It is important to note this test run was performed at 5 mph (8
km/h). As displayed in Figure 16, test runs involving the tandem axle truck resulted in three
tensile strain peaks, one for the steer axle and one for each of the axles that comprised the
tandem axle. Figure 16 also shows each tensile strain peak, like the tensile peaks produced by
the single axle, were led and followed by a compression strain peaks although the compression
strain did not return to zero between the tandem axles or between the steer axle and first axle of
the tandem axle configuration. The highest value of compression strain measured was for the
tandem axle configuration. As noted in Figure 16, the maximum tensile strain produced by the
steer axle was approximately 19 ue; about 83% of the maximum tensile strain produced by the
tandem axle, 23 pe. The tire load produced by the steer axle was measured to be 6.60 kip (29.4
kN); about 75% of the dual-tire loads produced by the tandem axle which was measured at 8.8
kip (39.1 kN). The tandem axle truck had dual-tires spreading the load in the rear of the truck
between eight tires while the single axle truck used wide based tires spreading the load in the
rear of the truck between only two tires.
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Figure 16. Longitudinal strain in the FRL measured from tandem axle truck passing at 5 mph (8 km/h).

The speed at which the tandem axle truck was traveling during testing had some effects
on the pavement’s strain response. Figure 17 shows longitudinal strains measured in the FRL of
the 11 in (28 cm) section during a tandem axle test run conducted at 55 mph (89 km/h). As
displayed in Figure 17, the maximum tensile strain produced by the first axle of the tandem axle
configuration was notably higher than the strain produced by the second axle. This difference
was also noted for tandem axle testing conducted at 30 mph (48 km/h) but was not as substantial.
Surprisingly, even at high truck speeds, a compression strain peak was observed between the
axles of the tandem axle configuration. Both of these observations were prevalent for all tandem
axle truck testing at higher speeds.
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Figure 17. Longitudinal strain in the FRL measured from tandem axle truck passing at 55 mph (89 km/h).

Maximum strains measured in the base, intermediate, and surface layers were in some
instances produced by the steering or front axle of the tandem axle truck. On the rare occasion,
this was also true for maximum longitudinal strains produced in the FRL of the 11 in (28 cm)
section. Longitudinal strains recorded in the base layer of the 13 in (33 cm) section for a tandem
axle test run are displayed in Figure 18, which shows, for this test run, the maximum strain
produced occurred while the steer axle was crossing the location of the gage. This phenomenon
only transpired during tandem axle truck testing. Maximum strains during single axle truck
testing were always produced by the single axle.

33



10.00

Maximum Strain Produced (Steer Axle)

Maximum Strain Produced by Tandem Axle

4.00

2.00

-2.00 V

-4.00

Strain (pE)

-6.00

Time sec)

Figure 18. Strain response from tandem axle truck where steer axle produced maximum strain.

As the location of the strain gage moves from below (FRL and base layer) to above
(intermediate and surface layers) the neutral axis of the pavement the maximum strain switched
from being tensile to compressive. Longitudinally oriented strain gages above the neutral axis
receive slight tensile strains directly before and after being loaded while receiving a larger
compressive strain peak while being loaded. Transversely oriented strain gages above the
neutral axis received only compressive strain peaks. Figure 19 displays a chart of strains
recorded by a longitudinal strain gage in the surface layer of the 15 in (38 cm) section during a
single axle truck test run.
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Figure 19. Strain response above the neutral axis of the pavement.

6.2 Longitudinal Strain in the FRL

The 11 in (28 cm) section received the highest longitudinal strains in the FRL in
comparison with the 13 in (33 cm), and 15 in (38 cm) sections. Table 3 shows the average
maximum longitudinal strain and maximum longitudinal strain measured in the FRL for testing
conducted on the 11 in (28 cm) section. It compares strains found at various speeds and tire
pressures for both the single axle wide-based tire and tandem axle dual tire trucks. As seen in
Table 3 the maximum longitudinal strain recorded in the FRL for the 11 in (28 cm) section was
68.49 pe. This value was captured during single axle truck testing at a truck speed of 5 mph (8
km/h) and a tire pressure of 110 psi (758 kPa). Table 3 presents average longitudinal strains in
the FRL ranging between 32 ne and 48 pe for tests involving the single axle truck and 19 pe and
25 pe for tandem axle truck testing. Table 3 shows the highest longitudinal strain in the FRL for
both axle configurations at every speed was measured during testing at a tire pressure of 110 psi
except for testing at 30 mph (48 km/h) with the tandem axle truck where the average and
maximum longitudinal strain was observed to be maximized at 80 psi (552 kPa). The highest
average and maximum values for the longitudinal strain in the FRL for the 11 in (28 cm) section
were consistently seen during 5 mph (8 km/h) testing for each tire pressure.
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Table 3. Maximum longitudinal strain in the FRL for the 11 in (28 cm) section (ug).

Speed (mph (km/h))

Tire Pressure 5 (8) 30 (48) 55 (89)
(psi) (kPa) | Average | Max | Average | Max | Average | Max
Single Axle Wide-Base Tire (29 Kip (129 kN) Axle Load)

80 552 46.09 60.85 39.14 50.72 32.92 39.15

110 758 47.17 68.49 41.67 58.82 39.00 48.94

125 862 47.12 61.18 38.19 50.10 36.13 51.81
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 24.29 31.98 21.40 27.50 19.24 25.53

110 758 24.90 33.20 21.35 27.15 20.40 30.17

125 862 24.29 32.38 20.72 29.24 19.73 30.18

The 13 in (33 cm) section received significantly lower longitudinal strains in the FRL
than the 11 in (28 cm) section. Table 4 presents a summary of longitudinal strains measured in
the FRL during testing on the 13 in (33 cm) section. The maximum FRL, longitudinal strain
obtained in the 13 in (33 cm) section was 34.53 pe which was considerably less than the 11 in
(28 cm) section. The maximum longitudinal strain in the FRL for the 13 in (33 cm) section was
discovered when testing at 5 mph (8 km/h) with a tire pressure of 125 psi (862 kPa) and the
tandem axle truck. Table 4 shows that average longitudinal strain in the FRL for the 13 in (33
cm) section ranged between 22 pe and 32 pe for the single axle truck and 11 pe and 17 pe for the
tandem axle truck. Similar to the 11 in (28 cm) section, Table 4 also shows that strains produced
by the single axle truck were consistently higher than strains produced by the tandem axle truck.
Longitudinal strain in the FRL were also, once again, highest when testing at 5 mph (8 km/h) for
each tire pressure, although, they were maximized between all three tire pressures for each
speed.

Table 4. Maximum longitudinal strain in the FRL for the 13 in (33 cm) section (ug).

. Speed (mph (km/h
Tire Pressure 5 (8) P (?,Op 4é) ) 55 (89)
(psi) | (kPa) | Average Max Average Max Average | Max
Single Axle Wide-Base Tire (29 Kip (129 kN) Axle Load)
80 552 31.10 33.46 26.37 28.51 22.05 24.48
110 758 31.07 32.22 25.61 28.44 25.45 27.18
125 862 31.88 34.53 25.57 27.00 23.54 25.50
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 15.93 16.82 13.38 14.08 11.72 13.20
110 758 16.07 17.40 13.14 14.19 12.27 13.68
125 862 15.80 16.89 12.97 13.91 12.54 13.29

Surprisingly, the 15 in (38 cm) sections received slightly higher longitudinal strain in the
FRL compared to the 13 in (33 cm) section, although, they were still substantially lower than
measurements in the 11 in (28 cm) section. One possible explanation for higher resulting strains
in the 15 in (38 cm) section compared to the 13 in (33 cm) section could be the difference in
subgrade resilient modulus. The 13 in (33 cm) section was constructed on chemically stabilized
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subgrade which had a resilient modulus of 40 ksi (276 MPa) while the 15 in (38 cm) section was
constructed on a subgrade which had a resilient modulus of 20 ksi (138 MPa). Table 5 displays
the maximum and average maximum longitudinal strains recorded in the FRL for the 15 in (38
cm) section. The table shows that the maximum strain discovered was 43.18 pe, measured
during 5 mph (8 km/h) testing using the single axle truck at a tire pressure of 80 psi (552 kPa).
Average longitudinal strain in the FRL ranged between 24 ue and 43 pe for testing utilizing the
single axle truck and 18 pe and 23 pe with the tandem axle truck. Once more, the highest strains
were obtained during 5 mph (8 km/h) for each tire pressure, although, a variety of tire pressures
acquired the highest strains for each speed as shown in Table 5.

Table 5. Maximum longitudinal strain in the FRL for 15 in (38 cm) section (ug).

. Speed (mph (km/h))

Tire Pressure 5 (8) 30 (48) 55 (89)
(psi) | (kPa) | Average Max Average | Max | Average Max
Single Axle Wide-Base Tire (29 Kip (129 kN) Axle Load)

80 552 39.53 43.18 31.12 35.30 25.70 28.57

110 758 38.62 40.34 32.21 33.69 25.79 29.74

125 862 35.72 39.30 29.25 33.23 24.39 27.83
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 22.21 25.12 18.63 22.81 15.76 18.37

110 758 21.39 23.66 18.23 21.97 17.74 23.08

125 862 20.83 24.18 17.54 20.11 16.81 21.30

6.2.1 Influence of Speed on Longitudinal Strain in the FRL

As seen in Table 3, Table 4, and Table 5 along with Figure 20, the longitudinal strain in
the FRL typically decreased as speed increased. Figure 20 is a chart of strain versus speed for
both axle configurations and all three tire pressures in the 11 in (28 cm), 13 in (33 cm), and 15 in
(38 cm) sections. Once again, one run with little lateral tire offset was used to create the results
as well as strains produced only by the tandem axle of the tandem axle truck. The figure clearly
shows a decrease in longitudinal strain in the FRL as speed increased for all tire pressures, in
each section, and for both axle configurations. The influence of speed on strain was most
prevalent in the 15 in (38 cm) and 11 in (28 cm) sections while its influence in the 13 in (33 cm)
section was slightly less. Longitudinal strain in the FRL decreased more with speed for testing
conducted with the single axle truck. Figure 20, when analyzing the 11 in (28 cm) and 13 in (33
cm) sections for both axle configurations and the 15 in (38 cm) section with the tandem axle
configuration, shows that at lower tire pressures the longitudinal strain in the FRL appeared to
stabilize at higher speeds, thus testing conducted between 30 mph (48 km/h) and 55 mph (89
km/h). For lower tire pressures, specifically the 80 psi (552 kPa) tire pressure, the strain
continued to decrease between 30 mph (48 km/h) and 55 mph (89 km/h). This observation was
not made for single axle truck testing on the 15 in (38 cm) section where all tire pressures
displayed a decrease in strain between 30 mph (48 km/h) and 55 mph (89 km/h).
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Figure 20. Maximum longitudinal strain in FRL versus speed (1 in =2.54 cm, 1 mph = 1.6 km/h). Solid lines
indicate single axle wide-based tire, and dashed lines indicate tandem axle.
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6.2.2 Influence of Tire Pressure on Longitudinal Strain in the FRL

Tire pressure seemed to have minimal effects on longitudinal strain located in the FRL.
The effect of tire pressure is displayed in Figure 21. In order to reduce the effects of lateral tire
offset, one run for each tire pressure and speed with less than 2 in (5 cm) of lateral tire offset was
used to generate all sets of results. Additionally, only tandem axle generated strains were used in
order to create an accurate comparison. Figure 21 plots strain against tire pressure for all three
sections and all testing speeds. Tire pressure had little influence on the longitudinal strain in the
FRL, especially at lower testing speeds, with virtually no influence occurring at a speed of 5 mph
(8 km/h). Some inconsistencies were discovered for the single axle truck traveling at speeds of
30 mph (48 km/h) and 55 mph (89 km/h) but the differences were still fairly minimal. Tire
pressure appeared to have the strongest influence on the 11 in (28 cm) section and its influence
was reduced as pavement thickness increased.
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6.3 Longitudinal Strain in the Base Layer

Strains in the base layer were monitored during CVL testing for two reasons. One reason
was to analyze the propagation of strain through the pavement and provide an indication of the
pavement structure’s strain distribution. The second reason was to monitor the base layer’s
potential for cracking.

Longitudinal strains found in the base layer, like longitudinal strain in the FRL, were
greatest in the 11 in (28 cm) section. Table 6 shows the maximum and average maximum
longitudinal strain measured in the base layer for the 11 in (28 cm) section. The maximum
longitudinal strain recorded in the base layer for the 11 in (28 cm) section was 23.17 pe during
single axle truck testing at 5 mph (8 km/h) with a tire pressure of 125 psi (862 kPa). Table 6
displays the average base layer strain for the 11 in (28 cm) section ranged between 9 pe and 19
pe for the single axle truck and 6 pe and 11 pe for the tandem axle truck. Similar to the FRL,
longitudinal strains were greater in the base layer when testing with the single axle truck,
although, correlations between the tandem axle truck and single axle truck were avoided since
maximum strains produced in the base layer by the tandem axle truck were occasionally the
result of the steer axle. All maximum and average maximum longitudinal strains in the base
layer of the 11 in (28 cm) section were discovered while testing at 5 mph (8 km/h) for each tire
pressure. Additionally, strains provided in Table 6 typically increased with tire pressure.

Table 6. Maximum longitudinal strain in the base layer for the 11 in (28 cm) section (us).

Speed (mph (km/h))

Tire Pressure 5(8) 30 (48) 55 (89)
(psi) (kPa) Average Max Average Max Average Max
Single Axle Wide-Base Tire (29 Kip (129 kN) Axle Load)
80 552 14.50 18.64 12.07 15.13 9.65 11.87
110 758 16.40 21.06 14.38 19.22 11.85 15.02
125 862 18.46 23.71 14.05 18.20 12.05 17.73
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 9.06 10.82 7.21 9.06 6.07 8.01
110 758 10.24 12.12 7.50 9.27 6.28 8.94
125 862 9.99 13.48 7.99 9.83 7.31 9.14

Similar to longitudinal strain measurements in the FRL, the 13 in (33 c¢cm) section
received the lowest longitudinal strains in the base layer. Table 7 provides a summary of
longitudinal strain in the base layer for the 13 in (33 cm) section. The maximum strain
discovered was 16.02 pe as shown in Table 7. This maximum strain was discovered at 5 mph (8
km/h), 110 psi (758 kPa) tire pressure, and testing with the single axle truck. Furthermore,
average longitudinal strains in the base layer ranged between 7 pe and 14 e for the single axle
truck and 4 pe and 7 pe for the tandem axle truck. Average maximum longitudinal strains in the
base layer of the 13 in (33 cm) sections were greatest when testing at 5 mph (8 km/h) for each
tire pressure. Additionally, average maximum longitudinal strains were maximized at 125 psi
for each speed except for single axle truck testing at 55 mph where it was maximized at 110 psi.
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Table 7. Maximum longitudinal strain in the base layer for the 13 in (33 cm) section (ug).

Speed (mph (km/h))
Tire Pressure 5 (8) 30 (48) 55 (89)
(psi) (kPa) Average | Max | Average | Max | Average | Max
Single Axle Wide-Base Tire (29 Kip (129 kN) Axle Load)
80 552 12.14 15.01 9.68 11.76 7.78 9.29
110 758 12.94 16.02 10.37 13.48 9.32 11.13
125 862 13.12 15.89 10.66 13.68 8.85 11.15
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 6.19 7.60 5.30 7.04 4.62 5.83
110 758 6.47 8.27 5.42 7.27 4.57 5.82
125 862 6.89 9.16 5.77 7.51 4.71 5.87

The 15 in (38 cm) section had longitudinal strains in the base layer that were slightly
higher than those in the 13 in (33 cm) section, as seen in Table 8. The largest maximum
longitudinal strain in the base layer was 18.23 pe, obtained during single axle truck testing at 5
mph (8 km/h) with a tire pressure of 125 psi (862 kPa). Average strain measurements ranged
between 9 ue and 15 pe for the single axle truck and 5 pe and 8 pe for the tandem axle truck.
Slightly different from the 11 in (28 cm) and 13 in (33 cm) sections, Table 8 illustrates an
increase in average maximum strain between tire pressures of 80 psi (552 kPa) and 110 psi (758
kPa) but then a slight decrease between 110 psi (758 kPa) and 125 psi (862 kPa). This trend
occurred for each testing speed. When comparing each tire pressure, it was discovered that the
maximum average longitudinal strain was found at a 5 mph (8 km/h) testing speed.

Table 8. Maximum longitudinal strain in the base layer for the 15 in (38 cm) section (ug).

Speed (mph (km/h))
Tire Pressure 5(8) 30 (48) 55 (89)
(psi) | (kPa) Average | Max | Average | Max | Average | Max
Single Axle Wide-Base Tire (29 Kip (129 kN) Axle Load)
80 552 13.74 16.65 10.99 13.49 9.03 11.18
110 758 14.68 18.10 11.92 14.89 9.61 13.56
125 862 13.30 18.23 10.89 15.00 9.04 12.98
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 7.32 9.16 6.64 9.47 5.35 6.22
110 758 7.50 9.45 6.75 8.77 6.82 9.82
125 862 7.47 9.96 6.42 9.33 6.34 9.58

6.3.1 Influence of Speed on Longitudinal Strain in the Base Layer

Like the longitudinal strain in the FRL, the longitudinal strain in the base layer decreased
as speed increased. This is presented in Table 6, Table 7, Table 8, and Figure 22. Figure 22, for
the 11 in (28 cm), 13 in (33 cm), and 15 in (38 cm) sections, relates longitudinal strain in the
base layer to speed without the effects of lateral tire offset and is categorized by tire pressure and
axle configuration. Another observation similar to that of the longitudinal strain in the FRL was
longitudinal strain in the base layer tended to stabilize at higher speeds when testing at higher tire
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pressures but only occurred in the 11 in (28 cm) and 13 in (33 cm) sections as shown in Figure
22. Although, as the section thickness was increased the correlation became more linear for all
three tire pressures with a purely linear trend resulting in the 15 in (38 cm) section. This was
especially true for testing with the single axle truck while testing with the tandem axle truck
remained more consistent.
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6.3.2 Influence of Tire Pressure on Longitudinal Strain in the Base Layer

Although tire pressure had minimal impacts on tandem axle truck testing, a clear increase
in strain was witnessed as tire pressures were increased for the single axle truck. Figure 23 was
created to relate longitudinal strain in the base layer and tire pressure for each test section and
testing speed. Similar to earlier comparisons, the lateral tire offset factor was removed by
analyzing runs with little wheel wander and tandem axle produced strains were used for tandem
axle truck test runs. The chart showed an increase in strain with tire pressure for the single axle
truck until the tire pressure reached its maximum of 125 psi (862 kPa). The truck tires were
inflated to 125 psi (862 kPa) under cold conditions in the garage and tire pressures as high as 140
psi (965 kPa) were seen after the tires had warmed due to the trucks being driven during test
runs. When the truck tires were inflated to tire pressure of 125 psi (862 kPa) or more, they were
so highly inflated that a bouncing effect may have occurred when the trucks drove over the strain
gages. Figure 23 shows the influence of tire pressure was reduced as pavement thickness was
increased.
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Figure 23. Maximum longitudinal strain in the base layer versus tire pressure (1 in = 2.54 cm, 1 psi = 6.89
kPa). Solid lines indicate single axle wide-based tire, and dashed lines indicate tandem axle.
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6.4 Transverse Strain in the Base Layer

Transverse strain gages were installed in the base layer of DEL-23 test sections because
the critical strain was not always in the longitudinal direction. Transverse strain results in the
base layer were greatest in the 11 in (28 cm) section. A summary of the maximum and average
maximum transverse strains found in the base layer is displayed in Table 9. The highest
transverse strain measured in the base layer of the 11 in (28 cm) section was 12.74 pe which was
recorded during single axle truck testing with a tire pressure of 125 psi (862 kPa) at 5 mph (8
km/h). Transverse strains in the base layer for the 11 in (28 cm) section varied between 6 pe and
13 ue for testing conducted with the single axle truck and 3 pe and 10 pe for testing conducted
with the tandem axle truck. For each tire pressure, the maximum and average maximum
transverse strain was greatest at 5 mph (8 km/h). With respect to tire pressure, the maximum and
average maximum transverse strain always occurred at 110 psi (758 kPa) or 125 psi (862 kPa)
tire pressure for each testing speed.

Table 9. Maximum transverse strain in the base layer for the 11 in (28 cm) section (ug).

Speed (mph (km/h))
Tire Pressure 5 (8) 30 (48) 55 (89)
(psi) | (kPa) Average | Max | Average | Max | Average | Max
Single Axle Wide-Base Tire (29 Kip (129 kN) Axle Load)
80 552 9.80 10.51 8.07 9.63 6.93 7.95
110 758 11.11 12.32 8.75 10.61 9.21 12.68
125 862 12.15 12.74 9.20 10.86 7.55 9.82
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 6.55 9.36 3.26 6.19 5.42 6.85
110 758 9.04 11.47 3.95 6.29 3.22 5.64
125 862 6.84 10.95 4.93 9.09 6.43 9.13

Although longitudinal strains in the 13 in (33 cm) section were found to be lower than the
11 in (28 cm) and 15 in (38 cm) sections, the transverse strains in the base layer were typically
higher than the other two sections especially when testing with the single axle truck. A summary
of transverse strain discovered in the base layer of the 13 in (33 cm) section is presented in Table
10. The maximum transverse strain occurred during single axle truck testing at 5 mph (8 km/h)
with a tire pressure of 125 psi (862 kPa) and was 15.87 pe. Single axle, average transverse strain
ranged between 8 pe and 15 pe while transverse axle, average transverse strains ranged between
3 pe and 12 pe. For the 13 in (33 cm) section, as displayed in Table 10, average transverse
strains were typically maximized at a tire pressure of 125 psi (862 kPa) with a one discrepancy
where the average transverse strain while testing with the single axle truck at 55 mph (89 km/h)
was maximized at 110 psi (758 kPa) tire pressure. Additionally, average maximum transverse
strains in the base layer, for each tire pressure, occurred at 5 mph (8 km/h) except for the tandem
axle truck implementing a tire pressure of 125 psi (862 kPa).
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Table 10. Maximum transverse strain in the base layer for the 13 in (33 cm) section (us).

Speed (mph (km/h))
Tire Pressure 5(8) 30 (48) 55 (89)
(psi) | (kPa) Average | Max | Average | Max | Average | Max
Single Axle Wide-Base Tire (29 Kip (129 kN) Axle Load)
80 552 13.03 14.43 10.82 11.33 8.80 9.65
110 758 13.42 14.41 11.15 12.58 9.92 11.43
125 862 14.39 15.87 11.29 13.00 9.83 11.13
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 4.95 6.32 4.94 6.31 4.43 5.94
110 758 6.23 7.72 4.87 7.10 3.93 4.64
125 862 7.20 9.06 11.29 13.00 9.83 11.13

Transverse strains in the base layer of the 15 in (38 cm) section were slightly reduced
compared to those of the 13 in (33 cm) section. Table 11 provides the maximum and average
maximum transverse strains in the base layer of the 15 in (38 cm) section. As seen in Table 11,
the maximum strain obtained was 15.64 pe during single axle truck testing at 5 mph (8 km/h)
with its tires inflated to 110 psi (758 kPa). Average transverse strains in the base layer of the 15
in (38 cm) section fluctuated between 8 pe and 14 ue for single axle truck testing and 4 ue and 8
pe for tandem axle truck testing. Table 11 shows that strains were largest at a tire pressure of
125 psi (862 kPa) except for testing conducted with the single axle truck at 5 and 30 mph (48
km/h). Also, transverse strains in the base layer of the 15 in (38 cm) section were greatest at 5
mph (8 km/h) for each tire pressure.

Table 11. Maximum transverse strain in the base layer for the 15 in (38 cm) section (ug).

Speed (mph (km/h))
Tire Pressure 5(8) 30 (48) 55 (89)
(psi) | (kPa) Average | Max | Average | Max | Average | Max
Single Axle Wide-Base Tire (29 Kip (129 kN) Axle Load)
80 552 12.48 15.23 9.95 12.23 8.05 9.62
110 758 13.28 15.64 10.85 12.58 8.29 10.05
125 862 13.17 15.44 9.61 12.53 8.65 10.08
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 6.11 7.33 5.49 6.46 4.64 6.13
110 758 6.32 7.80 5.49 6.30 5.41 6.21
125 862 7.13 8.46 5.89 7.05 5.45 6.22

6.4.1 Influence of Speed on Transverse Strain in the Base Layer

Similar to other strain responses previously discussed, transverse strain in the base layer
decreased with increasing speeds. Figure 24 relates transverse strain found in the base layer to
speed. Test runs used for the figure incorporated little or no lateral tire offset and only tandem
axle produced strains were used. For the 11 in (28 cm) section the transverse strain in the base
layer resulting from the single axle truck seemed to decrease with speed but became stable once
a speed of 30 mph (48 km/h) was achieved. This was especially true for the higher tire
pressures, 110 psi (758 kPa) and 125 psi (862 kPa). For the 13 in (33 cm) and 15 in (38 cm)
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sections, as shown in Figure 24, transverse strains in the base layer typically linearly decreased
with increasing testing speeds for the single axle truck and also for the tandem axle truck.
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Figure 24. Maximum transverse strain in the base layer versus speed (1 in = 2.54 cm, 1 mph = 1.6 km/h).
Solid lines indicate single axle wide-based tire, and dashed lines indicate tandem axle.
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6.4.2 Influence of Tire Pressure on Transverse Strain in the Base Layer

Similar to the longitudinal strains in the base, transverse strains in the base layer tended
to increase with increasing tire pressures. Figure 25 relates transverse strain in the base layer to
tire pressure without the influence of wheel wander or the steer axle of the tandem axle truck.
Figure 25, while observing the 11 in (28 cm) and 15 in (38 cm) sections, showed as tire pressure
increased, transverse strains in the base layer increased but began to stabilize as the tire pressure
reached upper limits. This was especially true for testing using the single axle truck. There
tended to be minimal changes in strain measurements between tire pressure of 110 psi (758 kPa)
and 125 psi (862 kPa). Unlike other sections, the 13 in (33 cm) section transverse strains in the
base layer were fairly constant between 80 psi (552 kPa) and 110 psi (758 kPa) tire pressure but
increased significantly between 110 psi (758 kPa) and 125 psi (862 kPa) tire pressure when
conducting single axle truck testing. Overall, tire pressure had a minimal influence on transverse
strain in the base layer especially during testing involving the tandem axle truck.
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6.5 Comparisons Between Strain Responses

Transverse strains in the base layer were typically discovered to be less than longitudinal
strains in the base layer for the 11 in (28 cm) and 15 in (38 cm) sections, although, for the 13 in
(33 cm) section transverse strains were typically found to be greater than longitudinal strains.
Table 12, Table 13, and Table 14 compare longitudinal and transverse strains in the base layer of
the 11 in (28 cm), 13 cm (33 cm), and 15 in (38 cm) sections respectively. The tables do not
incorporate influences of lateral wheel offset. Furthermore, due to the mixture of maximum
strains produced by either the tandem axle or steer axle of the tandem axle truck, strains
produced by the tandem axle were used for this comparison. For the 11 in (28 cm) section, as
portrayed in Table 12, when testing both the single axle truck and tandem axle truck,
longitudinal strains were greater in magnitude than transverse strains independent of tire
pressure, speed, or axle configuration. A switch of critical strains from longitudinal to transverse
was prevalent in the 13 in (33 cm) section when testing with the single axle truck as shown in
Table 13. This was an important discovery because the critical strains for these tests in the base
layer were the transverse strains. In the 15 in (38 cm) section, as displayed in Table 14, all of the
longitudinal strains were greater than the transverse strains.

Table 12. Longitudinal versus transverse strains in the base layer for the 11 in (28 cm) section (ug).

Tire Speed (mph (km/h))
Pressure 5 (8) 30 (48) 55 (89)
(psi) | (kPa) [ Transverse | Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal
Single Axle Wide-Base Tire (29 Kip (129 kN) Axle Load)
80 | 552 9.84 14.62 7.97 12.07 6.41 9.21
110 | 758 11.75 15.58 9.05 14.86 8.91 12.37
125 | 862 11.84 17.73 9.16 14.16 9.26 13.41
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 | 552 2.50 8.42 1.77 7.09 1.86 5.02
110 | 758 2.63 8.71 2.00 6.65 1.80 5.81
125 | 862 2.71 8.98 2.82 7.32 3.65 6.02

Table 13. Longitudinal versus transverse strains in the base layer for the 13 in (33 cm) section (ug).

Tire Speed (mph (km/h))
Pressure 5 (8) 30 (48) 55 (89)
(psi) | (kPa) [ Transverse | Longitudinal | Transverse | Longitudinal |Transverse| Longitudinal
Single Axle Wide-Base Tire (29 Kip (129 kN) Axle Load)
80 | 552 12.67 12.17 10.44 9.35 9.09 7.89
110 | 758 12.77 12.59 11.77 10.81 9.23 9.72
125 | 862 14.13 13.08 11.83 10.93 10.58 9.27
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 | 552 4.70 6.19 4.24 531 3.62 4.70
110 | 758 5.27 6.33 3.89 5.25 3.33 4.38
125 | 862 4.96 5.95 4.28 5.05 3.99 4.59
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Table 14. Longitudinal versus transverse strains in the base layer for the 15 in (38 cm) section (ug).

Tire Speed (mph (km/h))
Pressure 5(8) 30 (48) 55 (89)
(psi)|(kPa) Transverse | Longitudinal | Transverse | Longitudinal Transverse| Longitudinal
Single Axle Wide-Base Tire (29 Kip (129 kN) Axle Load)
80 | 552 12.60 13.95 10.03 11.06 7.41 8.35
110 | 758 13.34 14.63 10.70 11.78 8.36 9.42
125 | 862 13.51 13.66 10.88 11.38 8.32 8.41
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 | 552 6.00 7.41 5.05 7.00 4.43 5.46
110 | 758 5.98 7.48 5.33 6.48 5.33 6.70
125 | 862 6.86 7.52 5.44 6.38 5.31 7.14

The longitudinal strains measured in the base layer were significantly lower than
longitudinal strains measured in the FRL in each of the three sections. This was due to strain
gages located in the base layer being closer to the neutral axis and therefore experiencing less
bending. Table 15, Table 16, and Table 17 compare longitudinal strain values obtained in the
base and FRL for single axle truck testing in the 11 in (28 cm), 13 in (33 c¢cm), and 15 in (38 cm)
sections respectively. Wheel wander effects were removed for this comparison. Tandem axle
truck testing was also removed from this analysis since, in the base layer, it was no longer
consistently producing the strains with its tandem axle load.

Table 15. Maximum longitudinal strain in FRL versus in base layer for single axle wide-base tire truck test
with 29 kip (129 kN) axle load for the 11 in (28 c¢m) section (ug).

Single Axle Wide-Base Tire (29 Kip (129 kN) Axle Load)
Speed (mph (km/h))
Tire Pressure 5(8) 30 (48) 55 (89)
(psi) (kPa) FRL | Baselayer | FRL | Base Layer | FRL | Base Layer
80 552 46.96 14.62 37.91 12.07 32.52 9.21
110 758 46.67 15.58 41.96 14.86 39.80 12.37
125 862 46.60 17.73 38.05 14.16 37.95 13.41

Table 16. Maximum longitudinal strain in FRL versus in base layer for single axle wide-base tire truck test
with 29 kip (129 kN) axle load for the 13 in (33 c¢m) section (ug).

Speed (mph (km/h))
Tire Pressure 5 (8) 30 (48) 55 (89)
(psi) (kPa) FRL | Baselayer | FRL | BaselLayer | FRL | Base Layer
80 552 31.42 12.17 26.47 9.35 22.05 7.89
110 758 30.74 12.59 25.43 10.81 26.60 9.72
125 862 31.81 13.08 26.36 10.93 23.60 9.27

54



Table 17. Maximum longitudinal strain in FRL versus in base layer for single axle wide-base tire truck test
with 29 kip (129 kN) axle load for the 15 in (38 cm) section (ue).

. Speed (mph (km/h))
Tire Pressure 5 (8) 30 (48) 55 (89)
(psi) (kPa) FRL | Baselayer | FRL | BaseLayer | FRL | Base Layer
80 552 39.75 13.95 32.77 11.06 23.52 8.35
110 758 38.40 14.63 32.38 11.78 25.62 9.42
125 862 36.47 13.66 31.36 11.38 22.54 8.41
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7 CVL Testing Pavement Response in Summer

Controlled vehicle load testing was conducted on the perpetual pavement test
sections during July 1, 10, and 11, 2013 on the 15 in (38 cm), 11 in (28 cm), and 13 in (33 cm)
sections, respectively, to determine pavement response under hot weather conditions. Each
section was tested during the warmest period of the day, between 10:00 AM and 3:00 PM, with
temperatures measured every 10 minutes. Although pavement temperatures remained fairly
consistent during testing some variations were seen throughout the course of testing for each
section and between testing days. The air temperature sensor was placed directly over the
pavement at a low elevation, so that the temperature recorded includes ambient air temperature
and heat radiated from the pavement surface, thus peak values for air temperature are higher than
commonly reported ambient temperatures, and in this case may exceed 100°F (37.8°C).
Temperatures recorded during the test days can be found in tabular form in Appendix F, starting
with Table F.4. The test procedure was identical to the cold weather test procedure, using the
same axle configurations, loads, speeds, and tire pressures.

Figure 26 displays the air and pavement temperatures recorded during testing of the 11 in
(28 cm) section on July 10, 2013. Figure 27 illustrates the air and pavement temperatures
measured during testing of the 13 in (33 cm) section on July 11, 2013. The 15 in (38 cm) section
was tested on July 1, 2013. Figure 28 shows the air and pavement temperatures measured during
testing of that section. Temperatures were recorded every 10 minutes in each graph.

Tables containing the full set of strain data are presented in Appendix G starting with
Table G.19, and tables with the measurements collected from the LVDTs and pressure cells are
given in Appendix H, starting with Table H.10. The subsequent discussion is based on
maximum and average response values obtained.
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Figure 26. 11 in (28 cm) section temperature profile during CVL testing July 10, 2013.
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7.1 Longitudinal Strain in the FRL

The 11 in (28 cm) section received the highest longitudinal strains in the FRL in
comparison with the 13 in (33 cm), and 15 in (38 cm) sections. Table 18 shows the average
maximum longitudinal strain and maximum longitudinal strain measured in the FRL for testing
conducted on the 11 in (28 cm) section. It compares strains found at various speeds and tire
pressures for both the single axle wide-based tire and tandem axle dual tire trucks. As seen in
Table 3 the maximum longitudinal strain recorded in the FRL for the 11 in (28 cm) section was
143.25 pe. This value was captured during single axle truck testing at a truck speed of 5 mph (8
km/h) and a tire pressure of 110 psi (758 kPa). Table 3 presents average longitudinal strains in
the FRL ranging between 56 pe and 107 pe for tests involving the single axle truck and 48 pe
and 78 e for tandem axle truck testing. The highest average and maximum values for the
longitudinal strain in the FRL for the 11 in (28 cm) section were consistently seen during 5 mph
(8 km/h) testing for each tire pressure.

Table 18. Maximum longitudinal strain in the FRL for the 11 in (28 cm) section (us).

Speed (mph (km/h))
Tire Pressure 5(8) 30 (48) 55 (89)
(psi) \ (kPa) Average \ Max Average \ Max Average \ Max
Single Axle Wide-Base Tire (21 Kip (93 kN) Axle Load)
80 552 95.95 137.69 73.09 102.83 72.65 92.12
110 758 106.50 143.25 73.86 100.34 64.23 89.41
125 862 101.45 138.56 73.11 99.57 56.41 71.43
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 74.36 106.26 57.05 76.18 52.02 66.07
110 758 78.10 105.32 56.64 72.71 50.76 69.56
125 862 74.11 99.37 52.24 66.84 48.12 66.44

The 13 in (33 cm) section received significantly lower longitudinal strains in the FRL
than the 11 in (28 cm) section. Table 19 presents a summary of longitudinal strains measured in
the FRL during testing on the 13 in (33 cm) section. The maximum FRL longitudinal strain
obtained in the 13 in (33 cm) section was 85.04 pe which was considerably less than the 11 in
(28 cm) section. The maximum longitudinal strain in the FRL for the 13 in (33 cm) section
occurred when testing at 5 mph (8 km/h) with a tire pressure of 80 psi (552 kPa) and the single
axle truck. Table 19 shows average longitudinal strain in the FRL for the 13 in (33 cm) section
ranged between 35 pe and 76 pe for the single axle truck and 26 pe and 53 ue for the tandem
axle truck. Similar to the 11 in (28 cm) section, Table 19 also shows strains produced by the
single axle truck were consistently higher than strains produced by the tandem axle truck.
Longitudinal strain in the FRL were also, once again, highest when testing at 5 mph (8 km/h) for
each tire pressure, although, they were maximized between all three tire pressures for each
speed.
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Table 19. Maximum longitudinal strain in the FRL for the 13 in (33 cm) section (us).

Speed (mph (km/h))
Tire Pressure 5 (8) 30 (48) 55 (89)
(psi) | (kPa) | Average | Max | Average | Max | Average | Max
Single Axle Wide-Base Tire (21 Kip (93 kN) Axle Load)
80 552 75.04 85.04 44.20 50.92 39.88 42.15
110 758 68.51 77.14 45.59 49.62 37.62 41.26
125 862 66.00 73.99 40.13 43.63 35.98 40.23
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 52.84 61.89 37.00 39.09 31.60 33.97
110 758 47.32 54.74 31.47 34.58 27.90 30.55
125 862 46.20 62.88 31.35 34.69 26.53 29.69

The 15 in (38 cm) sections received higher longitudinal strain in the FRL compared to the
13 in (33 cm) section, although, they were still substantially lower than measurements in the 11
in (28 cm) section. One possible explanation for higher resulting strains in the 15 in (38 cm)
section compared to the 13 in (33 cm) section could be the difference in subgrade resilient
modulus. The 13 in (33 cm) section was constructed on chemically stabilized subgrade which
had a resilient modulus of 40 ksi (276 MPa) while the 15 in (38 cm) section was constructed on a
subgrade which had a resilient modulus of 20 ksi (138 MPa). Table 20 displays the maximum
and average maximum longitudinal strains recorded in the FRL for the 15 in (38 cm) section.
The maximum strain was 102.18 pe. The maximum strain was measured during 5 mph (8 km/h)
testing using the single axle truck at a tire pressure of 80 psi (552 kPa). Average longitudinal
strain in the FRL ranged between 42 pe and 78 pe for testing utilizing the single axle truck and
37 pe and 53 pe with the tandem axle truck. Once more, the highest strains were obtained during
5 mph (8 km/h) for each tire pressure.

Table 20. Maximum longitudinal strain in the FRL for 15 in (38 cm) section (ug).

Speed (mph (km/h))
Tire Pressure 5(8) 30 (48) 55 (89)
(psi) | (kPa) | Average | Max | Average | Max | Average | Max
Single Axle Wide-Base Tire (21 Kip (93 kN) Axle Load)
80 552 77.92 102.18 57.62 66.32 42.11 47.77
110 758 74.97 96.44 54.42 62.28 47.79 50.97
125 862 70.46 93.20 55.20 65.19 44.23 46.38
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 52.42 66.85 43.71 51.69 41.69 46.81
110 758 52.45 70.16 4417 50.98 39.63 47.49
125 862 47.78 62.28 41.66 48.88 37.80 43.56

7.1.1 Influence of Speed on Longitudinal Strain in the FRL

Figure 29 is a chart of strain versus speed for both axle configurations and all three tire
pressures in the 11 in (28 cm), 13 in (33 cm), and 15 in (38 cm) sections. The figure clearly
shows a decrease in longitudinal strain in the FRL as speed increased for all tire pressures, in
each section, and for both axle configurations. The influence of speed on strain was most
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prevalent in the 15 in (38 cm) section while its influence in the 13 in (33 cm) and 11 in (28 cm)
sections was less. Longitudinal strain in the FRL decreased more with speed for testing
conducted with the single axle truck, and strains for the single axle truck were always larger than
for tandem axle.
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Figure 29. Maximum longitudinal strain in FRL versus speed (1 in = 2.54 cm, 1 mph = 1.6 km/h). Solid lines
indicate single axle wide-based tire, and dashed lines indicate tandem axle.
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7.1.2 Influence of Tire Pressure on Longitudinal Strain in the FRL

Tire pressure seemed to have minimal effects on longitudinal strain located in the FRL.
The effect of tire pressure is displayed in Figure 30. In order to reduce the effects of lateral tire
offset, one run for each tire pressure and speed with less than 2 in (5 cm) of lateral tire offset was
used to generate all sets of results. Additionally, only tandem axle generated strains were used in
order to create an accurate comparison. Figure 30 plots strain against tire pressure for all three
sections and all testing speeds. Tire pressure had little influence on the longitudinal strain in the
FRL, especially at lower testing speeds, with virtually no influence occurring at a speed of 5 mph
(8 km/h). Some inconsistencies were discovered for the single axle truck traveling at speeds of
30 mph (48 km/h) and 55 mph (89 km/h) but the differences were still fairly minimal.
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Figure 30. Maximum longitudinal strain in FRL versus tire pressure (1 in = 2.54 cm, 1 psi = 6.89 kPa). Solid
lines indicate single axle wide-based tire, and dashed lines indicate tandem axle.
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7.2 Longitudinal Strain in the Base Layer

Longitudinal strains found in the base layer, like longitudinal strain in the FRL, were
greatest in the 11 in (28 cm) section. Table 21 shows the maximum and average maximum
longitudinal strain measured in the base layer for the 11 in (28 cm) section. The maximum
longitudinal strain recorded in the base layer for the 11 in (28 cm) section was 83.58 pe during
single axle truck testing at 5 mph (8 km/h) with a tire pressure of 125 psi (862 kPa). The average
base layer strain for the 11 in (28 cm) section ranged between 21 pe and 66 pe for the single axle
truck and between 12 pe and 47 pe for the tandem axle truck. Similar to the FRL, longitudinal
strains were greater in the base layer when testing with the single axle truck. The strain values at
5 mph (8 km/h) were larger than those at higher speeds for each tire pressure.

Table 21. Maximum longitudinal strain in the base layer for the 11 in (28 cm) section (ug).

Speed (mph (km/h))
Tire Pressure 5(8) 30 (48) 55 (89)
(psi) | (kPa) Average | Max | Average | Max | Average | Max
Single Axle Wide-Base Tire (21 kip (93 kN) Axle Load)
80 552 53.58 73.71 28.08 39.38 22.71 28.32
110 758 65.52 81.40 34.72 42.92 22.10 30.03
125 862 62.58 83.58 36.55 41.94 21.45 26.54
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 34.93 49.97 18.02 28.48 12.62 17.30
110 758 44.66 56.31 21.07 26.92 14.72 17.56
125 862 46.54 54.10 22.89 30.03 14.99 18.94

Similar to longitudinal strain measurements in the FRL, the 13 in (33 c¢m) section
received the lowest longitudinal strains in the base layer. Table 22 provides a summary of
longitudinal strain in the base layer for the 13 in (33 cm) section. The maximum strain
discovered was 43.55 pe as shown in Table 22, recorded at 5 mph (8 km/h), 125 psi (862 kPa)
tire pressure, and testing with the single axle truck. Furthermore, average longitudinal strains in
the base layer ranged between 14 pe and 38 pe for the single axle truck and 10 pe and 25 pe for
the tandem axle truck. Average maximum longitudinal strains in the base layer of the 13 in (33
cm) sections were greatest when testing at 5 mph (8 km/h) for each tire pressure.

Table 22. Maximum longitudinal strain in the base layer for the 13 in (33 cm) section (us).

Speed (mph (km/h))
Tire Pressure 5 (8) 30 (48) 55 (89)
(psi) | (kPa) Average | Max | Average | Max | Average | Max
Single Axle Wide-Base Tire (21 kip (93 kN) Axle Load)
80 552 35.94 41.46 18.70 23.85 14.92 19.61
110 758 35.49 40.97 21.99 27.97 15.71 20.49
125 862 37.97 43.55 19.69 25.83 15.49 20.42
Tandem Axle Dual Tire (37 kip (165 kN) Axle Load)

80 552 22.34 26.97 14.19 20.12 10.53 12.77
110 758 24.11 29.91 13.35 19.69 10.49 12.49
125 862 22.71 27.99 13.43 17.56 10.61 13.16
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The 15 in (38 cm) section received longitudinal strain results in the base layer slightly
higher than the 13 in (33 cm) section. Table 23 offers maximum and average maximum
longitudinal strain in the base layer for the 15 in (38 cm) section. The largest maximum
longitudinal strain in the base layer for the 15 in (38 cm) section was 49.37 pe, just less than 50
ue, and it was obtained during single axle truck testing at 5 mph (8 km/h) with a tire pressure of
110 psi (758 kPa). Table 23 shows average strain measurements ranged between 16 pe and 40
ue for the single axle truck and 14 pe and 26 pe for the tandem axle truck. The maximum
average longitudinal strain was found at a 5 mph (8 km/h) testing speed, regardless of tire
pressure.

Table 23. Maximum longitudinal strain in the base layer for the 15 in (38 cm) section (ug).

Speed (mph (km/h))

Tire Pressure 5 (8) 30 (48) 55 (89)
(psi) ‘ (kPa) Average ‘ Max | Average ‘ Max | Average ‘ Max
Single Axle Wide-Base Tire (21 kip (93 kN) Axle Load)
80 552 37.64 47.92 24.14 32.11 16.29 23.97
110 758 39.12 49.37 24.78 34.88 19.45 26.50
125 862 38.23 47.16 25.95 37.92 18.78 25.63
Tandem Axle Dual Tire (37 kip (165 kN) Axle Load)

80 552 24.37 30.73 16.99 21.50 14.21 17.20
110 758 25.30 34.52 17.95 22.92 14.73 22.37
125 862 24.31 32.20 17.29 21.38 14.72 21.63

7.2.1 Influence of Speed on Longitudinal Strain in the Base Layer

Like the longitudinal strain in the FRL, the longitudinal strain in the base layer decreased
as speed increased, as can be seen in Table 21, Table 22, and Table 23. Figure 31, for the 11 in
(28 cm), 13 in (33 cm), and 15 in (38 cm) sections, relates longitudinal strain in the base layer to
speed without the effects of lateral tire offset and is categorized by tire pressure and axle
configuration. Another observation similar to the longitudinal strain in the FRL was longitudinal
strain in the base layer tended to stabilize at higher speeds when testing at higher tire pressures
but only occurred in the 11 in (28 cm) and 13 in (33 c¢cm) sections as shown in Figure 22.
Although, as the section thickness was increased the correlation became more linear for all three
tire pressures with a nearly linear trend in the 15 in (38 cm) section. This was especially true for
testing with the single axle truck.
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Figure 31. Maximum longitudinal strain in base layer versus speed (1 in = 2.54 cm, 1 mph = 1.6 km/h). Solid
lines indicate single axle wide-based tire, and dashed lines indicate tandem axle.
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7.2.2 Influence of Tire Pressure on Longitudinal Strain in the Base Layer
Tire pressure had minimal impacts on tandem axle truck testing. Figure 32 plots
longitudinal strain in the base layer and tire pressure for each test section and testing speed.
Similar to earlier comparisons, the lateral tire offset factor was removed by analyzing runs with
little wheel wander and tandem axle produced strains were used for tandem axle truck test runs.
Figure 32 shows the influence of tire pressure was reduced as pavement thickness was increased.
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Figure 32. Maximum longitudinal strain in the base layer versus tire pressure (1 in = 2.54 cm, 1 psi = 6.89
kPa). Solid lines indicate single axle wide-based tire, and dashed lines indicate tandem axle.
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7.3 Transverse Strain in the Base Layer

Transverse strain results in the base layer were greatest in the 11 in (28 cm) section. A
summary of the maximum and average maximum transverse strains found in the base layer is
displayed in Table 24. The highest transverse strain measured in the base layer of the 11 in (28
cm) section was 61.08 pe which was recorded during tandem axle truck testing with a tire
pressure of 125 psi (862 kPa) at 5 mph (8 km/h). Average transverse strains in the base layer for
the 11 in (28 cm) section varied between 15 ue and 47 pe for testing conducted with the single
axle truck and -18 pe and 50 pe for testing conducted with the tandem axle truck, where the
negative number indicates a compressive strain. For each tire pressure, the maximum and
average maximum transverse strain was greatest at 5 mph (8 km/h).

Table 24. Maximum transverse strain in the base layer for the 11 in (28 cm) section (ug).

Speed (mph (km/h))
Tire Pressure 5 (8) 30 (48) 55 (89)
(psi) | (kPa) | Average | Max | Average | Max | Average | Max
Single Axle Wide-Base Tire (21 kip (93 kN) Axle Load)
80 552 32.38 42.69 17.86 22.70 16.05 16.55
110 758 46.34 54.67 20.44 23.67 15.41 17.86
125 862 44.50 53.44 23.50 25.02 16.44 18.68
Tandem Axle Dual Tire (37 kip (165 kN) Axle Load)

80 552 27.85 52.62 -9.40 -15.40 -11.84 -14.27
110 758 49.89 58.81 -12.55 -17.85 14.51 16.03
125 862 44.87 61.08 20.65 25.71 12.78 16.94

Although longitudinal strains in the 13 in (33 cm) section were found to be lower than the
11 in (28 cm) and 15 in (38 cm) sections, the transverse strains in the base layer were typically
higher than the other two sections especially when testing with the single axle truck. A summary
of transverse strain discovered in the base layer of the 13 in (33 cm) section is presented in Table
25. The maximum transverse strain occurred during single axle truck testing at 5 mph (8 km/h)
with a tire pressure of 80 psi (552 kPa) and was 70.19 pe. Single axle, average transverse strain
ranged between 23 pe and 50 pe while transverse axle, average transverse strains ranged
between 15 pe and 33 pe. For the 13 in (33 cm) section, as displayed in Table 10, average
transverse strains were typically maximized at a tire pressure of 80 psi (552 kPa) excepting the
single axle truck at the higher speeds. Additionally, average maximum transverse strains in the
base layer, for each tire pressure, occurred at 5 mph (8 km/h).
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Table 25. Maximum transverse strain in the base layer for the 13 in (33 cm) section (us).

Speed (mph (km/h))
Tire Pressure 5 (8) 30 (48) 55 (89)
(psi) | (kPa) Average | Max | Average | Max | Average | Max
Single Axle Wide-Base Tire (21 Kip (93 kN) Axle Load)
80 552 47.32 70.19 24.69 46.38 23.54 44.43
110 758 48.77 68.10 31.22 50.88 25.22 44.30
125 862 49.22 63.96 25.91 42.70 24.36 41.39
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 30.16 51.16 21.91 39.92 15.45 29.62
110 758 32.66 49.55 18.63 36.25 15.01 28.24
125 862 28.15 43.06 17.60 32.33 15.14 24.76

Transverse strains in the base layer of the 15 in (38 cm) section were slightly reduced
compared to those of the 13 in (33 cm) section. Table 26 provides the maximum and average
maximum transverse strains in the base layer of the 15 in (38 cm) section. As seen in Table 26,
the maximum strain obtained was 61.59 pe during single axle truck testing at 5 mph (8 km/h)
with its tires inflated to 110 psi (758 kPa). Average transverse strains in the base layer of the 15
in (38 cm) section fluctuated between 21 pe and 53 e for single axle truck testing and 18 pe and
33 pe for tandem axle truck testing. Transverse strains in the base layer of the 15 in (38 cm)
section were greatest at 5 mph (8 km/h) for each tire pressure.

Table 26. Maximum transverse strain in the base layer for the 15 in (38 cm) section (ug).

Speed (mph (km/h))
Tire Pressure 5(8) 30 (48) 55 (89)
(psi) | (kPa) Average | Max | Average | Max | Average | Max
Single Axle Wide-Base Tire (21 Kip (93 kN) Axle Load)
80 552 49.07 58.37 31.30 37.49 21.25 25.69
110 758 52.13 61.59 31.86 37.67 24.30 29.23
125 862 50.35 60.78 25.96 36.43 24.75 29.25
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)

80 552 27.18 32.39 21.95 25.69 18.21 21.30
110 758 32.11 39.92 23.22 27.05 20.41 27.04
125 862 32.03 42.21 22.80 26.08 19.58 24.76

7.3.1 Influence of Speed on Transverse Strain in the Base Layer

Transverse strain in the base layer decreased with increasing speeds, as was the case with
other strains. Figure 33 relates transverse strain found in the base layer to speed. Test runs used
for the figure incorporated little or no lateral tire offset and only tandem axle produced strains
were used. For the 15 in (38 cm) section the transverse strain in the base layer resulting from the
single axle truck decreased sharply from 5 mph (8 km/h) to 30 mph (48 km/h), with a further, but
less steep, decrease at a speed of 55 mph (89 km/h); the decrease much less steep with the
tandem axle truck. For the 13 in (33 cm) and 15 in (38 cm) sections, the speed related decreases
in the transverse strains were more pronounced for the tandem axle truck, particularly for the 11
in (28 cm) section, where there was a pronounced dip at 30 mph (48 km/h) at 80 psi (552 kPa)
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and 110 psi (758 kPa). The single axle truck had a similar difference with speed in all three
sections.
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Figure 33. Maximum transverse strain in the base layer versus speed (1 in = 2.54 cm, 1 mph = 1.6 km/h).
Solid lines indicate single axle wide-based tire, and dashed lines indicate tandem axle.
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7.3.2 Influence of Tire Pressure on Transverse Strain in the Base Layer

Figure 34 relates transverse strain in the base layer to tire pressure without the influence
of wheel wander or the steer axle of the tandem axle truck. In the 15 in (38 cm) sections, showed
as tire pressure increased, transverse strains in the base layer generally increased slightly, with
the obvious exception of the single axle truck at 110 psi (758 kPa). For the 13 in (33 cm) section
transverse strains in the base layer either peaked or dipped at 110 psi (758 kPa) tire pressure but
increased significantly between 110 psi (758 kPa). The 11 in (28 cm) section had slight
increases for single axle loads and a more pronounced increase with tandem axle loads.
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Figure 34. Maximum transverse strain in in the base layer versus tire pressure (1 in = 2.54 cm, 1 psi = 6.89
kPa). Solid lines indicate single axle wide-based tire, and dashed lines indicate tandem axle.
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7.4 Comparisons Between Strain Responses

Transverse strains in the base layer were typically discovered to be less than longitudinal
strains in the base layer for the 11 in (28 cm) section, although, for the 13 in (33 cm) and 15 in
(38 cm) sections transverse strains were typically found to be greater than longitudinal strains.
Table 27, Table 28, and Table 29 compare longitudinal and transverse strains in the base layer of
the 11 in (28 cm), 13 cm (33 cm), and 15 in (38 cm) sections respectively. Once more, the tables
do not incorporate influences of lateral wheel offset. Furthermore, due to the mixture of
maximum strains produced by either the tandem axle or steer axle of the tandem axle truck,
strains produced by the tandem axle were used for this comparison. For the 11 in (28 cm)
section, as portrayed in Table 27, when testing both the single axle truck and tandem axle truck,
longitudinal strains were greater in magnitude than transverse strains independent of tire
pressure, speed, or axle configuration, except for the tandem axle configuration at 5 mph (8
km/h), and for the highest pressure at 55 mph (89 km/h). Also note a negative value for some
transverse strains indicates compression. A switch of critical strains from longitudinal to
transverse was prevalent in the 13 in (33 cm) section when testing with the single axle truck as
shown in Table 28. This was an important discovery because the critical strains for these tests in
the base layer were the transverse strains. In the 15 in (38 cm) section, as displayed in Table 29,
all of the transverse strains were greater than the longitudinal strains.

Table 27. Longitudinal versus transverse strains in the base layer for the 11 in (28 cm) section (ug).

Tire Speed (mph (km/h))
Pressure 5 (8) 30 (48) 55 (89)
(psi) | (kPa) Transverse| Longitudinal | Transverse \ Longitudinal Transverse\ Longitudinal
Single Axle Wide-Base Tire (21 kip (93 kN) Axle Load)
80 | 552 40.46 64.36 15.56 21.10 16.04 22.64
110 | 758 47.76 71.67 21.50 35.46 16.78 22.43
125 | 862 52.96 68.34 24.46 36.61 17.49 21.47
Tandem Axle Dual Tire (37 Kip (165 kN) Axle Load)
80 | 552 48.07 43.27 -10.00 13.92 -12.19 14.17
110 | 758 46.98 43.77 -15.51 21.11 13.43 14.55
125 | 862 50.49 47.63 24.87 25.24 16.37 15.41
Table 28. Longitudinal versus transverse strains in the base layer for the 13 in (33 cm) section (ug).
Tire Speed (mph (km/h))
Pressure 5 (8) 30 (48) 55 (89)
(psi) ‘ (kPa) | Transverse ‘Longitudinal Transverse‘ Longitudinal | Transverse ‘ Longitudinal
Single Axle Wide-Base Tire (21 kip (93 kN) Axle Load)
80 | 552 46.39 34.74 26.74 19.86 24.23 15.63
110 | 758 46.04 33.46 31.40 21.72 28.04 16.36
125 | 862 49.66 38.46 24.94 19.00 27.34 16.77
Tandem Axle Dual Tire (37 kip (165 kN) Axle Load)

80 | 552 35.67 22.97 20.51 13.56 19.76 10.53
110 | 758 38.01 25.58 25.76 15.39 13.49 10.14
125 | 862 26.79 21.52 21.45 13.93 16.85 10.90
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Table 29. Longitudinal versus transverse strains in the base layer for the 15 in (38 cm) section (ug).

Tire Speed (mph (km/h))
Pressure 5(8) 30 (48) 55 (89)
(psi)\ (kPa) |Transverse| Longitudinal | Transverse| Longitudinal | Transverse |Longitudinal
Single Axle Wide-Base Tire (21 kip (93 kN) Axle Load)
80 | 552 49.34 37.39 31.26 24.72 22.64 17.39
110 | 758 52.66 39.08 32.90 25.05 25.39 19.46
125 | 862 54.29 39.23 25.42 26.05 24.31 18.26
Tandem Axle Dual Tire (37 kip (165 kN) Axle Load)

80 | 552 28.19 23.91 21.11 16.85 17.99 14.20
110 | 758 29.42 25.17 23.61 16.93 19.47 15.00
125 | 862 30.52 25.80 22.30 17.14 18.93 14.79

The longitudinal strains measured in the base layer were significantly lower than the
longitudinal strains measured in the FRL in each of the three sections. This was due to strain
gages located in the base layer being closer to the neutral axis and therefore experiencing less
bending. Table 30, Table 31, and Table 32 compare longitudinal strain values obtained in the
base and FRL for single axle truck testing in the 11 in (28 cm), 13 in (33 cm), and 15 in (38 cm)
sections respectively. Wheel wander effects were removed for this comparison. Tandem axle
truck testing was also removed from this analysis since, in the base layer it was no longer
consistently producing the strains with its tandem axle load.

Table 30. Maximum longitudinal strain in FRL versus in base layer for single axle wide-base tire truck test
with 29 kip (129 kN) axle load for the 11 in (28 ¢m) section (ug).

Speed (mph (km/h))
Tire Pressure 5(8) 30 (48) 55 (89)
(psi) (kPa) FRL Base Layer | FRL | Base Layer | FRL | Base Layer
80 552 107.04 64.36 69.07 21.10 72.79 22.64
110 758 109.50 71.67 75.43 35.46 66.34 22.43
125 862 105.57 68.34 75.38 36.61 57.12 21.47

Table 31. Maximum longitudinal strain in FRL versus in base layer for single axle wide-base tire truck test
with 29 kip (129 kN) axle load for the 13 in (33 ¢m) section (ug).

Speed (mph (km/h))
Tire Pressure 5 (8) 30 (48) 55 (89)
(psi) (kPa) FRL Base Layer FRL Base Layer FRL Base Layer
80 552 56.13 34.74 35.64 19.86 31.12 15.63
110 758 49.69 33.46 33.02 21.72 30.65 16.36
125 862 67.11 38.46 38.21 19.00 38.09 16.77
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Table 32. Maximum longitudinal strain in FRL versus in base layer for single axle wide-base tire truck test

with 29 kip (129 kN) axle load for the 15 in (38 cm) section (ug).

Speed (mph (km/h))

Tire Pressure 5 (8) 30 (48) 55 (89)
(psi) (kPa) FRL Base Layer FRL Base Layer FRL Base Layer
80 552 76.23 37.39 58.87 24.72 45.30 17.39
110 758 74.94 39.08 56.11 25.05 47.97 19.46
125 862 73.47 39.23 57.44 26.05 43.43 18.26
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8 PerRoad Analysis

To evaluate the perpetual nature of the test sections constructed on DEL-23, an analysis
of the test sections was performed using the mechanistic based software program, PerRoad.
PerRoad was developed by NCAT for the Asphalt Pavement Alliance (APA). The software
relies on layered elastic theory and Monte Carlo simulation. It integrates loading and seasonal
data with flexible pavement’s layer material properties and thicknesses (Romanello 2007).
Additionally, the software incorporates endurance limits and strain-based transfer functions to
predict damage accumulation and, therefore, the in-service life of the pavement structure being
analyzed.

8.1 Loading Conditions

In order to accurately analyze the DEL-23 test sections, loading properties were entered
into the PerRoad program through a vehicle classification distribution. The program requires the
percent annual average daily truck traffic (%AADTT) for vehicle classifications 4 through 13.
These percentages were determined for the test sections by Weigh-in-motion (WIM) scales
installed on the northbound lanes of DEL-23. Although the traffic seen for the test sections on
the northbound lanes of DEL-23 will be significantly different than for the test sections on North
Waldo Road, the traffic on the northbound lanes of DEL-23 is considerably higher than that of
North Waldo Road creating a conservative analysis for the test sections on North Waldo Road.

A Mettler-Toledo WIM system was installed in DEL-23 at the time of original
construction in 1996. The scales are used to continuously monitor traffic in all four lanes. Each
vehicle crossing the WIM load plates in the pavement generates data including gross weight,
classification, date and hour of crossing, and the weight and spacing of individual vehicle axles.
Figure 35 and Figure 36 are photographs of the sensors.

Figure 35. WIM Scales on DEL 23.
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Figure 36. WIM Scales on DEL 23.

8.1.1 Vehicle Classification Distribution

In order to obtain a vehicle classification distribution for the test sections on DEL-23,
AADTTSs for vehicle classifications 4 through 13 were generated by ODOT from data collected
by the WIM scales for 2010, 2011, and 2012. These three years were then averaged, converted
into percentages and entered into the PerRoad program. Table 33 provides the % AADTTSs used
and Figure 37 is a screen capture of the PerRoad Vehicle Type Distribution screen. Data used to
calculate %AADTTS is provided in Appendix J.

Table 33. Vehicle type distribution.

Class %AADTT
4 1.85%
5 14.41%
6 3.10%
7 3.08%
8 4.23%
9 69.74%
10 0.87%
11 2.17%
12 0.48%
13 0.07%
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Foadway Functional Classification  |Rural Principal Arterial j
Vehicle Average Number of Ades Per Vehicle
Classification % AADTT Single Tandem Tridem
| 1.85 | 162 | 0.39 | 0
| 14.41 | 2 | 0 | 0
| a1 | 1.02 | 0.99 | 0
| 3.08 | 1 | 0.26 | 0.83
| 423 | 238 | 067 | 0
| £9.74 | 1.13 | 1.93 | 0
| 0.87 | 119 | 1.09 | 0.89
| 217 | 429 | 0.26 | 0.0
| 0.48 | 352 | 1.14 | 0.0
| 0.07 | 215 | 213 | 0.35
100
Cancel Changes Accept Changes

Figure 37. Vehicle type distribution as entered into PerRoad.

After the Vehicle Type Distribution data was entered into the PerRoad program, the
program used standard values for the average number of axles per vehicle classification to
generate a current axle load distribution, as shown in PerRoad’s Loading Conditions screen,
Figure 38. ODOT WIM scale measurements of general traffic data on DEL-23 were obtained
from data collected in 2010, 2011, and 2012.
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Figure 38. Loading conditions as entered into PerRoad.
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8.2 Structural and Seasonal Information

In order for the PerRoad software to correlate modulus values for a variation of
temperatures seen during different seasons, the duration and mean air temperature for each
season were obtained using average monthly temperatures for Delaware, Ohio from The Weather
Channel (2013). Table 34 displays the seasonal information used. Appendix J provides monthly
average temperatures for Delaware, Ohio.

Table 34. Seasonal information for Ohio (The Weather Channel, 2013).

Season Winter Fall Summer Spring
Duration (weeks) 13 9 21 9
Average Temperature (°F) 31 50 70 48
Average Temperature (°C) -0.4 9.7 20.9 8.6

Because the PerRoad program only allows a pavement structure of five layers or less, for
the DEL-23 analysis, the surface and intermediate layers were combined. The layer thicknesses
and specifications were provided in Table 1 and Table 2. Typical design values for the Modulus
of Elasticity and Poison’s Ratio at 70°F (21°C) were provided by Sargand et al. (2008) and are
shown in Table 35 along with the values chosen for the PerRoad analysis. Figure 39 displays the
Structural and Seasonal Information screen.
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Table 35. Elastic modulus and Poison’s ratio for pavement materials.

Values from Sargand et al. (2008) Input Values for PerRoad
Layer Modulus of Elasticity, E | poison's |Modulus of Elasticity, E| pgison's
(k5|) (MPa) Ratio, v (kSl) (Mpa) Ratio, v
Surface/Intermediate| 1500 10342 0.35 1500 10342 0.35
Base 500-1500 | 3447 - 10342 | 0.35 1200 8274 0.35
Fatigue Resistant 500-1500 | 3447 - 10342 | 0.35 800 5516 0.35
DGAB 10 69 0.40 10 69 0.40
Subgrade (untreated
ibgrade (ul 5 34 0.45 | 20/40% | 138/276* | 0.45
/ lime stabilized)
*Since the modulus of the subgrade was previously obtained, it was used.
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Figure 39. Structural and seasonal information as entered into PerRoad.

8.3 Performance Criteria

In order to evaluate the performance of the perpetual pavement test sections, performance

criteria were assigned at four different locations in the PerRoad program.

By assigning

performance criteria, such as horizontal strain, vertical stress, or vertical deflection, and a
corresponding threshold limit, the PerRoad program computed the percent of pavement
responses that fell below the given threshold limit for a variety of loading and temperature
conditions it developed. The program also returned a value for each condition and, therefore, a

maximum value was obtained for each pavement response.

assigned to evaluate pavement deflection, horizontal strain
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pressure on the subgrade surface.

threshold limit used.

Table 36. Perpetual pavement performance criteria used in PerRoad.

Table 36 provides the location, performance criteria, and

Location — Performance Criteria Threshold Limit
Layer Position
Base Layer Bottom Horizontal Strain 50 pe
FRL Bottom Horizontal Strain 70 pe
DGAB Bottom Vertical Deflection 20 mil (508 mm)
DGAB Bottom Vertical Pressure 8/4 psi (55/27 kPa)

The final PerRoad function utilized was fatigue transfer functions for strain performance
criteria. The fatigue transfer functions within the PerRoad program calculated the fatigue life of
the pavement, or the number of years until damage occurs (D=0.1), for test sections which were
analyzed to have strain responses greater than their respective threshold limits. The PerRoad
software required the input of the empirical constants, ki and kz, in order to complete fatigue
transfer functions. Priest and Timm (2006) conducted a study using the NCAT Test Track in
order to develop these empirical constants. The empirical constants they generated were used for
this analysis and are shown in Table 37.

Table 37. Fatigue transfer function empirical constants (values from Timm & Priest 2006).

Empirical Constant Base Layer FRL
K1 0.4831 3.063
Ko 0.4814 3.007

8.4 Results

The following provides results obtained from the PerRoad analysis using the structures
utilized in the DEL-23 test sections. The PerRoad program includes variability in the layer
thicknesses and moduli that would realistically occur between different construction projects.
The analysis should be used in consideration for future construction projects.

Table 38 displays the results obtained for the 11 in (28 cm) section. The table shows
97.72% of the strains generated in the FRL were less than 70 e resulting in a fatigue life of 324
years. The 11 in (28 cm) section had the shortest fatigue life compared to the 13 in (33 cm) and
15 in (38 cm) sections. The maximum horizontal strain calculated in the FRL during the analysis
was 125.59 pe. In the base layer, the maximum horizontal strain found was 72.51 pe and
99.94% of the strains calculated were less than 50 pe. The table also shows 99.40% of the
vertical deflections calculated at the bottom of the DGAB were less than 20 mil (508 um) and the
maximum deflection found was 39.27 mil (997 um). Additionally, the maximum subgrade
pressure discovered during the analyses was 6.82 psi (47 kPa) and all subgrade pressures
calculated were less than 8 psi (55 kPa). The 11 in (28 cm) section had the highest values of
subgrade deflection and pressure compared to the 13 in (33 cm) and 15 in (38 cm) sections.
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Table 38. PerRoad results for 11 in (28 cm) section.

Pavement Response Maximum Pavement Percent Below | Yearsto
Response Threshold D=0.1
Horizontal Strain in the Base Layer 72.51 pe 99.94 474.8
Horizontal Strain in the FRL 125.59 ue 97.72 324.85
Vertical Deflection of the Subgrade 39.27 mil (997 pum) 99.4 NA
Subgrade Pressure 6.82 psi (47.0 kPa) 100 NA

Table 39 shows the results for the 13 in (33 c¢cm) section obtained from the PerRoad
analysis and indicates the maximum horizontal strain in the FRL found during the analysis was
111.78 pe and 99.70% of the strains were less than 70 ue. The fatigue life corresponding to
fatigue cracking occurring in the FRL was calculated to be 385 years. All of the horizontal
strains calculated for the base layer were less than 50 pe and the maximum strain obtained was
48.11 pe, as shown in Table 39. The 13 in (33 cm) section received a maximum subgrade
vertical deflection of 31.72 mil (806 um) during the analysis and 99.60% of the deflections were
less than 20 mil (508 pum). Additionally, the 13 in (33 cm) section obtained a maximum
subgrade pressure of 5.28 psi (36.4 kPa) which was less than the threshold limit of 8 psi (55
kPa).

Table 39. PerRoad results for 13 in (33 cm) section.

Pavement Response Maximum Pavement Percent Below | Years to
Response Threshold D=0.1
Horizontal Strain in the Base Layer 48.11 pe 100 Infinite
Horizontal Strain in the FRL 111.78 pe 99.7 385.5
Vertical Deflection of the Subgrade 31.72 mil (806 pm) 99.6 NA
Subgrade Pressure 5.28 psi (36.4 kPa) 100 NA

The 15 in (38 cm) section was analyzed to have the longest fatigue life. Table 40 shows
the PerRoad results for the 15 in (38 cm) section. The maximum horizontal strain calculated in
the FRL was 110.66 pe and 99.60% of the strains obtained from the analysis were less than 70
pe. The fatigue life corresponding to horizontal strain in the FRL was 402 years. Table 40 also
shows that the maximum horizontal strain discovered in the base layer during the analysis was
73.32 ue and 99.96% of the strains generated were less than 50 pe. The PerRoad program found
that 99.66% of the vertical deflections produced at the bottom of the DGAB were less than 20
mil (508 um) and the maximum deflection obtained was 29.65 mil (753 um). Furthermore, the
maximum subgrade pressure calculated by the software was 3.87 psi (26.7 kPa) which was less
than the 15 in (38 cm) sections threshold limit of 4 psi (28 kPa). The 15 in (38 cm) section
received the lowest values of subgrade deflection and pressure compared to the 11 in (28 cm)
and 13 in (33 cm) sections.

82



Table 40. PerRoad results for 15 in (38 cm) section.
Pavement Response Maximum Pavement Percent Below | Years to
Response Threshold D=0.1
Horizontal Strain in the Base Layer 73.32 pe 99.96 474.55
Horizontal Strain in the FRL 110.66 ue 99.9 402.77
Vertical Deflection of the Subgrade 29.65 mil (753 pm) 99.66 NA
Subgrade Pressure 3.87 psi (26.7 kPa) 100 NA
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9 Material Properties

In this chapter, the material properties of all materials used in the test sections of this
project are described, with emphasis on the asphalt concrete mix properties. On each test section
of DEL-23, there are four layers of asphalt (surface, intermediate, base, and FRL) placed on a
dense graded aggregate base, as shown in Table 41. These layers rest on A-6 subgrade, with the
top 18 in (45.72 cm) stabilized for 13 in (33 cm) section (39BS803) and 11 in (28 cm) section
(39BN803), but no stabilization on the 15 in (38 cm) section (39D168).

On each test section built in the APLF, there are three layers of asphalt (surface,
intermediate, and base) placed on a dense graded aggregate base, as shown in Table 44. These
layers rest on 18 in (46 cm) of cement stabilized subgrade.

The bulk of this chapter discusses the properties measured for the asphalt mixes, while
the properties of the base and subgrade layers are discussed in references given in the last section
of this chapter.

9.1 DEL-23 Asphalt Concrete Material Properties

The mix design properties for both the DEL-23 sections were provided by the Shelly
Company on the day each was paved. The binder properties were provided by the Ohio
Department of Transportation Division of Construction Management, Office of Materials
Management, Asphalt Materials Section. The following tables show the thickness (Table 41),
mix design properties (Table 42), and binder properties (Table 43) for the AC layers on the DEL-
23 site.

Table 41. DEL-23 layer thicknesses

ODOT Layer Thickness for Each Section

Layer ltem 39D168 39P186 39BS803 39BN803
(in) | (cm) | (in) | (cm) | (in) | (cm) | (in) | (cm)
Surface 424 | 1.00 | 254 | 1.00 | 254 | 1.00 | 254 | 1.00 | 2.54
Intermediate 442 | 2.00 | 5.08 | 2.00 | 5.08 | 2.00 | 5.08 | 2.00 | 5.08
AC Base 302 | 8.00 |20.32| 6.00 | 15.24 | 6.00 | 15.24 | 4.00 | 10.16
FRL 302 | 4.00 |10.16 | 4.00 | 10.16 | 4.00 | 10.16 | 4.00 |10.16
Total AC - 15.00 | 38.10 | 13.00 | 33.02 | 13.00 | 33.02 | 11.00 | 27.94
Aggregate Base 304 | 6.00 | 15.24| 6.00 | 15.24 | 6.00 | 15.24 | 6.00 | 15.24
Lime stabilized subgrade 206 NA | NA | NA | NA 18 |45.72| 18 |[45.72

Subgrade (type) A-6a A-6a A-6a A-6a

Note: Cores from 39P186 mdlcated total AC thickness of 16 in (41 cm).
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Table 42. AC mix design and volumetrics for DEL-23 sections.

Layer Surface Intermediate AC Base FRL
Mix (ODOT No.) 424 442 302 302-FRL

Gradation (% passing)
2" (50.8 mm) 100 100 100 100
11/2" (38 mm) 100 100 99 99
1" (25.4 mm) 100 100 84 84
3/4" (19 mm) 100 95 69 69
1/2" (12.5 mm) 100 84 60 60
3/8" (9.5 mm) 99 76 54 54
#4 (4.75 mm) 87 49 33 33
#8 (2.36 mm) 56 35 22 22
#16 (1.18 mm) 37 23 15 15
#30 (0.600 mm) 25 15 10 10
#50 (0.300 mm) 9 8 8 8
#100 (0.150 mm) 5 5 6 6
#200 (0.075 mm) 3.9 3.7 3.9 3.9
Agg. Blend Gsp 2.558 2.578 2.587 2.587
Gmm 2.343 2.454 2.459 2.443
% Binder Content 7.6 4.9 4.2 4.6
% Virgin Binder 7.6 4.9 3.2 3.6
Asphalt Binder PG 76-22M PG 64-28 PG 64-22 PG 64-22
Design, Air VVoids (%) 4 4 4 3
FIA 0.5 0.8 - -
RAP % 0 0 20 20
Table 43. DEL-23 binder properties.

Phase Angle Test Temperature G*

PG Grade ™ degrees) © O a) )
76-22 69.0 168.8 76 1102 0.16
64-28 83.0 147.2 64 1310 0.19
64-22 86.7 147.2 64 1408 0.20

9.2 APLF Asphalt Concrete Material Properties

The following tables show the thickness (Table 44) and mix design properties (Table 45)
for the AC layers for the Highly Modified Asphalt (HiMA) and controlled pavement sections in
the APLF, as provided by Shelly Company at the time of paving. The binder properties in Table
46 for the HIMA binder were provided from the NCAT report on High Polymer Mixtures
(Timm, et al., 2012); along with control binder information from ODOT’s Division of

Construction Management, Office of Materials Management, Asphalt Materials Section.
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Table 44. APLF test section layer thicknesses.

Layer thickness for each section

Layer OoDOT La_ne A La_ne B La_ne C Lane D

Item (HIMA) (HIMA) (HIMA) (Control)
(in) [ (cm) | (in) | (cm) | (in) | (cm) | (in) (cm)

Surface 424 150|381 |150| 381 |150| 381 | 150 | 3.81
Intermediate 442 | 175|445 | 175 | 445 | 175 | 445 | 1.75 | 4.45
AC Base 302 | 4.75|12.07| 575 | 1461 | 6.75 | 17.15 | 7.75 | 19.69
Total AC - 8.00 |20.33| 9.00 | 22.87 [10.00| 25.41 | 11.00| 27.95
Aggregate Base 304 |6.00(15.24| 6.00 | 15.24 | 6.00 | 15.24 | 6.00 | 15.24
Cement stabilized subgrade| 206 |18.00|{45.72|18.00| 45.72 |18.00| 45.72 | 18.00 | 45.72
Subgrade (type) - A-6/A-7 A-6/A-7 A-6/A-T7 A-6/A-T7

Table 45. AC Mix Design and Volumetrics for HIMA and control materials in APLF.

Layer Surface Intermediate | AC Base-Kraton | AC Base-Control
Mix (ODOT No.) 442 442 302 302
Gradation (% passing)

2" (50.8 mm) 100 100 100 100
11/2" (38 mm) 100 100 100 100
1" (25.4 mm) 100 100 87 87
3/4" (19 mm) 100 96 78 78
1/2" (12.5 mm) 100 80 68 68
3/8" (9.5 mm) 93 69 58 58
#4 (4.75 mm) 57 48 39 39
#8 (2.36 mm) 38 35 28 28
#16 (1.18 mm) 27 26 22 22
#30 (0.600 mm) 19 18 16 16
#50 (0.300 mm) 11 11 9 9
#100 (0.150 mm) 7 7 6 6
#200 (0.075 mm) 4.8 4.9 4.3 4.3
Agg. Blend Gsy 2.393 2.636 2.646 2.646
Gmm 2.440 2.496 2.480 2.485
% Binder Content 5.7 4.4 4.4 4.3
% Virgin Binder 5 3.2 2.7 2.5
Asphalt Binder PG 88-22M PG 88-22 PG 88-22 PG 64-22
Design, Air Voids (%) 3.5 4 4 4
FIA 0.8 1.1 - -
RAP % 15 25 35 35
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Table 46. APLF test section binder properties.

Phase Angle | Test Temperature G*
P -
G Grade (degrees) | (°F) (°C) (Pa) (psi)
88-22 (HIMA) (Timm et al., 2012) 48.9 212.0 100 800 0.12
64-22 (Control) 86.7 147.2 64 1408 0.20

9.3 Dynamic Modulus of AC Materials

To determine the frequency and temperature dependent viscoelastic material properties of
the asphalt concrete materials used in this project, master curves were computed using laboratory
data. Dynamic modulus tests of AC specimens were performed in accordance to AASHTO TP
62. Specimens were compacted during paving at the asphalt plant using the Superpave Gyratory
Compactor (SGC) in accordance with AASHTO T312. Specimens were compacted to a
thickness of 165 mm (6.5 in) and a 150 mm (5.91 in) diameter with a 7% target air void. The
specimens were then cut and cored to meet size requirements for AASHTO TP 62; specimens
were 100 mm (3.94 in) diameter and 150 mm (5.91 in) thickness.

Each specimen was tested using the Asphalt Mixture Performance Tester (AMPT, also
known as the simple performance test) for dynamic modulus at the following temperatures in
order 4.4 °C (40 °F), 21.1 °C (70 °F), 37.8 °C (100 °F), and 54.4 °C (130 °F). For each test
temperature, the dynamic modulus was calculated using various loading frequencies that
included: 25 Hz, 10 Hz, 5 Hz, 1 Hz, 0.5 Hz, and 0.1 Hz in that order. The dynamic modulus can
be determined by the following equation:

|E*| = golen
Where:
|E*| = Dynamic modulus
oo = Average peak stress over the last five periods
g0 = Average peak strain over the last five periods
The results of the dynamic modulus tests for the 424 surface mix, 442 intermediate mix,

302 Asphalt Concrete (AC) Base mix, and the 302 Fatigue Resistance Layer (FRL) mix of the
DEL-23 pavements are shown in Table 47 through Table 50.
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Table 47. Average dynamic modulus of the 424 Surface Layer on DEL 23

Temperature Frequency Dynamic Modulus
P (H2) (ksi) (MPa)
25 1973 13602
10 1810 12477
5 1665 11481
40 °F (4.4 °C
( ) 1 1347 9290
0.5 1217 8389
0.1 896 6178
25 1101 7593
10 927 6394
. . 5 798 5501
70 °F (21.1 °C) 1 510 3722
0.5 451 3108
0.1 284 1960
25 405 2790
10 305 2105
. . 5 248 1708
100 °F (37.8 °C) 1l 149 1007
0.5 125 859
0.1 80 551
25 179 1232
10 132 909
5 115 793
130 °F (54.4 °C) 1 5 =
0.5 76 523
0.1 63 436

88




Table 48. Average dynamic modulus of the 442 intermediate layer on DEL 23.

Temperature Frequency Dynamic Modulus
P (H2) (ksi) (MPa)
25 2433 16778
10 2363 16295
5 2295 15822
40 °F (4.4 °C
( ) 1 2069 14267
0.5 1939 13367
0.1 1556 10727
25 1716 11830
10 1475 10171
. . 5 1279 8817
70 °F (21.1 °C) 1 824 5633
0.5 652 4492
0.1 349 2403
25 690 4758
10 491 3388
. . 5 373 2569
100 °F (37.8 °C) 1l 193 1330
0.5 148 1017
0.1 87 597
25 248 1710
10 172 1184
5 132 913
130 °F (54.4 °C) 1 %0 o
0.5 67 463
0.1 50 344
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Table 49. Average dynamic modulus of the 302 AC base layer on DEL 23.

Temperature Frequency Dynamic Modulus
P (H2) (ksi) (MPa)
25 2769 19089
10 2621 18074
5 2500 17234
40 °F (4.4 °C
( ) 1 2184 15060
0.5 2037 14042
0.1 1676 11554
25 1776 12242
10 1566 10800
. . 5 1408 9711
70°F(21.17C) 1 1057 7289
0.5 918 6329
0.1 635 4379
25 889 6133
10 724 4991
. . 5 612 4222
100 °F (37.8 °C) 1l 201 5767
0.5 331 2280
0.1 208 1432
25 422 2909
10 327 2254
5 268 1848
130 °F (54.4 °C) 1 168 1156
0.5 137 945
0.1 87 602
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Table 50. Average dynamic modulus of the 302 FRL on DEL 23.

Temperature Frequency Dynamic Modulus
P (H2) (ksi) (MPa)
25 2610 17995
10 2495 17200
5 2395 16511
40 °F (4.4 °C
( ) 1 2119 14609
0.5 1982 13662
0.1 1628 11226
25 1745 12030
10 1534 10576
. . 5 1370 9448
70 °F (21.1 °C) 1 993 6378
0.5 849 5850
0.1 550 3794
25 833 5744
10 656 4521
. . 5 538 3711
100 °F (37.8 °C) 1l 35 243
0.5 258 1781
0.1 150 1032
25 354 2438
10 261 1801
5 207 1424
130 °F (54.4 °C) 1 120 528
0.5 96 661
0.1 59 408

The results of the dynamic modulus tests for the 442 surface mix, 442 intermediate mix,
302 AC base mix (with Kraton binder), and the 302 AC base mix (control binder) used in the
HiMA study in the APLF are shown in Table 51 through Table 54.

91




Table 51. Average dynamic modulus of the 442 surface layer HIMA.

Temperature Frequency Dynamic Modulus
P (H2) (ksi) (MPa)
25 2079 14336
10 1937 13358
5 1816 12520
40 °F (4.4 °C
( ) 1 1547 10669
0.5 1424 9816
0.1 1160 7998
25 1116 7697
10 976 6732
. . 5 872 6010
70 °F (21.1 °C) 1 653 4504
0.5 576 3971
0.1 411 2834
25 535 3690
10 440 3033
. . 5 377 2602
100 °F (37.8 °C) 1l 557 1739
0.5 218 1503
0.1 142 980
25 281 1935
10 223 1537
5 191 1318
130 °F (54.4 °C) 1 129 893
0.5 113 780
0.1 83 571
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Table 52. Average dynamic modulus of the 442 intermediate layer HIMA.

Temperature Frequency Dynamic Modulus
P (H2) (ksi) (MPa)
25 2216 15278
10 2073 14291
5 1953 13466
40 °F (4.4 °C
( ) 1 1665 11478
0.5 1534 10576
0.1 1243 8570
25 1304 8994
10 1145 7897
. . 5 1022 7049
70 °F (21.1 °C) 1 265 5276
0.5 668 4606
0.1 468 3228
25 624 4303
10 507 3494
. . 5 428 2951
100 °F (37.8 °C) 1l 78 1914
0.5 233 1604
0.1 151 1040
25 257 1773
10 193 1332
5 161 1110
130 °F (54.4 °C) 1 105 1
0.5 90 620
0.1 66 453
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Table 53. Average dynamic modulus of the 302 AC base HiIMA with Kraton polymer.

Temperature Frequency Dynamic Modulus
P (H2) (ksi) (MPa)
25 2925 20167
10 2769 19089
5 2627 18112
40 °F (4.4 °C

( ) 1 2291 15796

0.5 2132 14702

0.1 1775 12239

25 1737 11975

10 1552 10702

. . 5 1400 9652
70°F(211%C) 1 1070 7379
0.5 944 6507

0.1 670 4622

25 882 6078

10 733 5056

. . 5 628 4327
100 °F (37.8 °C) 1l 116 >870
0.5 357 2462

0.1 238 1639

25 377 2596

10 290 1997

5 248 1706

130 °F (54.4 °C) 1 62 1119
0.5 131 906

0.1 103 708
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Table 54. Average dynamic modulus of the 302 AC base with no polymer for control section in APLF.

Temperature Frequency Dynamic Modulus
P (H2) (ksi) (MPa)
25 2879 19850
10 2729 18816
5 2581 17797
40 °F (4.4 °C
( ) 1 2250 15514
0.5 2089 14406
0.1 1727 11906
25 1710 11792
10 1515 10445
. . 5 1364 9406
70°F(211%C) 1 1028 7087
0.5 895 6170
0.1 628 4330
25 833 5746
10 677 4669
. . 5 569 3921
100 °F (37.8 °C) 1l 358 2465
0.5 295 2031
0.1 184 1271
25 294 2024
10 211 1453
5 171 1176
130 °F (54.4 °C) 1 105 7
0.5 88 606
0.1 64 439
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A shift factor must be determined in order to build a master curve. The shift factor a(T),
is calculated by finding the best-fit second-order polynomial when plotting the shift factor
against the test temperature. The following equation describes this relationship:

loga(T) = C1 + Co*T + C3*T?

Where:
a(T) = Shift Factor
T = Test Temperature
Ci = regression coefficients

The dynamic modulus is determined at various temperatures and is plotted against
frequency. The data is then shifted to a reference temperature (21.1°C (70°F)) to form the master
curve for the mix. This parallel shift is performed by determining the reduced frequency for each
test frequency and temperature based on the reference temperature. The following equation is
used to determine the reduced frequency:

logfr = logf + loga(T)

Where:
fr = Reduced Frequency at the Reference Temperature (Hz)
f = Actual Test Frequency at the Test Temperature (Hz)

The AASHTO Mechanistic Empirical Pavement Design Guide (MEPDG) uses the following
sigmoidal model to estimate the dynamic modulus of an asphalt mix for curve fitting purposes:

a
log|E*| =4+ T3 oBr(og D)
Where

|E*| = Dynamic Modulus (108 psi)

a, B, v, o are fitting parameters:

J is the minimum value of E* (108 psi);

o + 6 = is the maximum value of E* (10° psi);

and g and y are dimensionless parameters describing the shape of the sigmoidal function

By using the Solver feature in Microsoft Excel, the laboratory-calculated dynamic
modulus can be compared to the dynamic modulus estimated using the sigmoidal equation and
minimizing the sum of the square of the Error, defined as follows:

2
ET'T'OT'Z — [Ezab_E;‘igmoidal]
Ezab

The Error is calculated for each frequency and temperature and then summed for the
entire data set (X Error?). In Solver, the objective cell is the = Error?; it is set to become as low
as possible (min) by changing 4, a, g, y, C1, C2, and Cz using an iteration method. The following
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table is a summary of the curve fitting parameters and regression coefficients solved in Solver
for each layer and site.

Table 55. Curve fitting parameters and regression coefficients for each AC layer.

Site Layer ) a S y C1 C Cs
Surface 0.376 | -1.694 | 0.418 | 0.747 | 4.662 | -0.075 | 0.00012
DEL 23 Intermediate 0.634 | -2.049 | 0.603 | 0.626 | 4.171 | -0.060 | 0.00001
AC Base 0.626 | -6.030 | 2.211 | 0.296 | 7.363 | -0.131 | 0.00037
FRL 0.546 | -2.054 | 1.036 | 0.555 | 4.788 | -0.074 | 0.00008
Surface 0.485 | -2.250 | 0.859 | 0.421 | 6.712 | -0.120 | 0.00034
HiIMA Intermediate 0.495 | -2.341 | 1.049 | 0.452 | 5.451 | -0.089 | 0.00016
APLF AB Base (Kraton) | 0.631 | -2.431 | 1.131 | 0.411 | 5.700 | -0.093 | 0.00017
AB Base (Control) | 0.605 | -2.648 | 1.269 | 0.438 | 5.315 | -0.083 | 0.00011

The dynamic modulus master curves as a function of reduced frequency and shift factors
as a function of temperature are given below for the 424 surface mix, 442 intermediate mix, 302
Asphalt Concrete (AC) base mix, and the 302 Fatigue Resistant Layer (FRL) mix of the
Delaware 23 sections in Figure 40 through Figure 47.
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Figure 40. Dynamic modulus master curve for 424 surface layer on DEL 23.
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Figure 41. Shift factor vs. temperature for 424 surface layer on DEL 23.
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Figure 42. Dynamic modulus master curve for 442 intermediate layer on DEL 23.

98




DEL-23 Intermediate Layer
3 ~
y = 0.0002x? - 0.0997x + 6.2123
2t . R2=1
= ™., Reference Temperature = 70°F (21.1 °C)
> 1 |
(@)
=
5 0 : : —o— : : |
S 0 20 40 60 ~80 100 120 140
w1
B2 | .
(@)
3
-3 F
"o
4 L
Temperature (°F)

Figure 43. Shift factor vs. temperature for 442 intermediate layer on DEL 23.
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Figure 44. Dynamic modulus master curve for 302 AC base layer on DEL 23.
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Figure 46. Dynamic modulus master curve for 302 FRL on DEL 23.
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Figure 47. Shift factor vs. temperature for 302 FRL on DEL 23.

The dynamic modulus master curves as a function of reduced frequency and shift factors
as a function of temperature are given below for the 442 surface mix, 442 intermediate mix, 302
AC base mix (with Kraton binder), and the 302 AC base mix (control binder) for the HIMA
study in the APLF in Figure 48 through Figure 55.
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HIMA - E* Master Curve: Surface Layer
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Figure 48. Dynamic modulus master curve for 442 HiMA surface layer in APLF.
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Figure 49. Shift factor vs. temperature for 442 HiMA surface layer in APLF.
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HIMA - E* Master Curve: Intermediate Layer
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Figure 50. Dynamic modulus master curve for 442 HiMA intermediate layer in APLF.
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Figure 51. Shift factor vs. temperature for 442 HiMA intermediate layer in APLF.
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HIMA - E* Master Curve: AC Base (Kraton)
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Figure 52. Dynamic modulus master curve for 302 HIMA AC base with Kraton polymer in APLF.
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Figure 53. Shift factor vs. temperature for 302 HIMA AC base with Kraton polymer in APLF.
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HIMA - E* Master Curve: AC Base (Control)
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Figure 54. Dynamic modulus master curve for 302 AC base with control binder in APLF.
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Figure 55. Shift factor vs. temperature for 302 AC base with control binder in APLF.
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9.4 Aggregate Base and Subgrade Properties

The base and subgrade material properties for the DEL-23 and APLF sections were listed
in previous reports to ODOT. Further information pertaining to the material properties of the
compacted subgrade and ODOT 304 material properties, please refer to the report by Teruhisa
Masada, Shad M. Sargand, Basel Abdalla and J. Ludwig Figueroa, Materials Properties for
Implementation of Mechanistic-Empirical (M-E) Pavement Design Procedures, (Masada, et al.,
2004), and in Shad M. Sargand and J. Ludwig Figueroa, Monitoring And Modeling Of Pavement
Response And Performance Task A: Ohio, (Sargand and Figueroa, 2010).

Material properties for stabilized subgrade and ODOT 304 material above it, are
discussed in the following report by Shad Sargand, Issam Khoury, Jayson Gray, and Anwer Al-
Jhayyish: Incorporating Chemical Stabilization of the Subgrade in Pavement Design and
Construction Practices (Sargand et al, 2014).
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10 Evaluation of Highly Modified Asphalt

Highly Modified Asphalt (HIMA) utilizes a new modified binder created by Kraton
Polymers that contains a 7.5% styrene butadiene styrene (SBS) polymer to improve stiffness at
high temperatures. HiMA mixture has also been investigated at the National Center for Asphalt
Technology (NCAT) test track near Auburn, Alabama. Based on the promise shown in the
NCAT evaluations, an experiment was proposed at the Accelerated Pavement Load Facility
(APLF) to determine if HiMA’s improved stiffness would allow for a thinner perpetual
pavement design. The four test sections at the APLF range in thicknesses between 8 in (20 cm)
to 11 in (28 cm) in 1 in (2.54 cm) increments to determine where the pavement transitions from
standard to perpetual response, with the 11 in (28 cm) pavement built as a control to match the
depth of the thinnest DEL-23 section. The build-ups for each lane are given in Table 44 above.

10.1The Accelerated Pavement Load Facility

The Accelerated Pavement Loading Facility (APLF), located in Lancaster Ohio, consists
of a concrete lined rectangular pit 45 feet (13.7 m) long by 38 feet (11.6 m) wide by 8 feet (2.5
m) deep. The facility has two large sliding doors on the north and south end of the facility which
allow large construction vehicles to enter and exit freely, a feature which makes the APLF
unique. As an indoor facility, tests may be performed at any time in the year. The facility also
houses industrial grade heating and cooling units to test and maintain pavements at desired
temperatures, which can be anywhere in the range of 10°F (-12.2°C) to 130°F (54.4°C).
Dynamic and static wheel testing can be accomplished by either a dual or single wide-based
tires. The wheel is mounted onto a track system that is supported by two I-beams. The mounted
wheel support feature allows for the ability to maintain a desired wheel load and pressure on a
precise location for repeated loadings on a test pavement. The APLF is capable of a wheel load
of up to 30,000 Ib (133 kN) with the option of wheel offsetting to measure wander effects. A
dynamic loading test inside the APLF can be seen below in Figure 56.
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Figure 56. Load wheel pasing over test pavement in the APLF.
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10.2Instrumentation of pavements in the APLF

In an agreement with the Ohio Department of Transportation (ODOT), it was decided to
use an instrumentation plan similar to those employed in prior perpetual pavement studies (e.g
Sargand, Figueroa, Edwards, and Al-Rawashdeh, 2009); therefore, strain gages, thermocouples,
and linear variable differential transformers (LVDT) were chosen to measure the dynamic load
responses of the highly modified asphalt pavement and the subgrade within the APLF. Strain
gages were installed to measure the horizontal strains at the base of the fatigue and the
intermediate layers. Thermocouples were installed throughout the entire depth of the pavement
in each test sections to monitor the internal temperatures during testing. The LVDTs were used
to observe the vertical deflections of the subgrade and the asphalt pavement structure while
dynamic wheel loading occurred. Upon completing gage selection, an AutoCAD document was
created for use as a reference during construction. An example of the instrumentation for test
lane A can be seen below in Figure 57.
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Figure 57. Gage layout in APLF test lane A, which is similar to the other lanes.

Before gages were installed in the APLF, a 6 in (15.2 cm) layer of crushed 304 aggregate
base was placed, leveled, and compacted on top of the existing subgrade, which was stabilized
with cement to a depth of 18 in (46 cm). Following compaction, the grid layout designed using
AutoCAD was implemented inside the APLF.

Four test lanes were measured to size and the centerlines were marked with spray paint.
From previous research studies performed in the APLF, it was decided the first strain gage in the
bottom of the fatigue layer would be placed along the centerline of each test section 6 ft (1.8 m)
from the concrete platform on the south end of the facility. At this distance the initial balancing
of the loads prior to the motion of the wheel would have dissipated enough to eliminate the
possibility of false readings from the initial load of the wheel.

10.2.1 Strain Gage Installation

A total of 24 KM-100HAS strain gages (6 per lane) were selected to measure horizontal
pavement strains. The KM-100HAS strain gage, designed by Tokyo Sokki Kenkyujo, has two
reinforcing bars that allow the asphalt to securely adhere the gage to the pavement. Each gage
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had a resistance of 350 Q and was used in a full bridge configuration connected to terminal
boards using lead wires.

Using the KM-100HAS, the pavement strains were measured in the longitudinal and
transverse directions at the bottom of the AC Base and intermediate layers of each test section.
The bottom of the AC Base, where bottom-up cracking commonly occurs in asphalt pavements,
was chosen to have a total of 4 gages (2 in the longitudinal, 2 in transverse) to accurately monitor
responses. As previously stated, the first strain gage was placed along the centerline of the lane
at a distance of 6 feet (1.8 m) from the concrete platform in a longitudinal direction. To allow
for substantial areal coverage each gage was offset 1.5 feet (0.46 m) down the length of the test
section along the centerline. In addition, ensuing strain gages would be placed in alternating
longitudinal and transverse directions. The remaining two strain gages would be placed it the
bottom of the intermediate layer. The first gage of the intermediate layer would be measured 7.5
feet (2.3 m) from the concrete platform along the same centerline used for the base layer gages.
This gage would be placed in the same direction as the gage in the AC Base layer in order to
properly compare the strain reading between these two layers. The sixth strain gage was offset
1.5 feet (0.46 m) from the prior gage and installed such that comparisons could be made to the
third strain gage in the AC Base layer. Each subsequent test section follows this layout.

In order to ensure accurate readings from any gage, proper installation procedures must
be followed. The placement and orientation of the strain gages were selected to provide
substantial information at the bottom of the AC base and intermediate layers in each test section.
To safeguard the strain gages from unintentional damages and movement that may occur as a
result of the asphalt paver, hand installation was necessary. Asphalt was taken directly from the
paver and used during installation. The asphalt was spread under and around the gage in a thin
layer less than 1 in (2.54 cm) thick. The strain gage was then placed on top of the asphalt in the
correct direction that was previously decided for that position of the gage. Once in place, the
gage was buried with more asphalt from the paver and lightly compacted to further ensure no
damages or movement of the gage from the paver.

10.2.2 Thermocouple Installation

A total of twelve T-22N-.75E(T)9A192 thermocouples (three per lane) were used to
measure temperatures within the test section pavements, because this model is known to
effectively work over the target range of temperatures in the APLF. The thermocouples were
connected to a data logger to record results.

One of the twelve thermocouples was designated to measure the air temperature within
the facility during dynamic testing. The temperature was monitored throughout the entire depth
of the pavement by having one thermocouple in the bottom of each layer of the test section. The
installation process of the thermocouples was the same as previously discussed in the strain gage
section of this report; however, the location was chosen to be 8.25 feet (2.5 m) from the concrete
platform along the centerline of the test section.

10.2.3 Linear Variable Differential Transformer (LVDT) Installation

Two Linear Variable Differential Transformers (LVDTS) at a total of eight locations (two
per lane) were selected to be used to measure vertical pavement deflection and subgrade
deflection in the APLF. The two LVDT’s used were GHSD-750-250 gages purchased from AST
Macro Sensors.

109



The LVDT installation used a process similar to the strain gage instrumentation. The
LVDT installation began before any asphalt was placed inside the facility. Using the corner of
the south concrete platform closest to the office as a reference point, the centerlines of each test
section were determined. Once the centerlines for each test section were marked on each side of
the concrete platform, a chalk line was used to form a straight line on the dense graded aggregate
base (DGAB). From the south concrete platform two LVDT markers were sprayed on the
DGAB at 12 ft (3.6 m) and 13.5 ft (4.1 m) for each test lane. At the 12 ft (3.6 m) mark, holes
were excavated down to the subgrade where a shallow LVDT steel plate was placed. Holes were
bored at the 13.5 ft (4.1 m) marker to a depth of 3 ft (0.91 m) into the subgrade to install deep
rods to measure subgrade deflections. To ensure the hole would not collapse during construction
a PVC pipe was installed into the hole.

After placing the asphalt, the LVDT holes were located and marked again using the
reference point. The pavement marks were then cored to the depth of the LVDT steel plate and
the PVC piping. A rod extension was attached to the plate and deep rods grouted into the drilled
hole. Next, LVDT cases were screwed and epoxied into place; such that, the cases would sit
flush with the surface layer of the test sections.

10.2.4 Profilometer Measurements

For the APLF project, a rolling wheel profiler was used to measure surface rutting across
the 4 test sections. Rutting, next to cracking, is one of the most common distresses an asphalt
pavement will endure over its entire lifespan. For this purpose, surface profiles were taken of
each test section to analyze the rutting of each lane. This profiler, developed by ORITE, consists
of a 10 foot (3 m) track that allows a wheel to measure elevations to 5 mil (127 um or 1%)
accuracy at 0.5 in (1.27 cm) intervals (WMA, 2009). The rolling wheel profilometer can be seen
below in Figure 58.

| Figure 58. Rolling wheel profiler in use at the APLF.
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From previous research performed in the APLF with the profilometer, it was suggested
the profilometer be rotated to minimize the effects of rutting in adjacent test lanes on the
elevation of the profiler supports as well as to allow more data points to be collected. The rolling
distance of the wheel was measured to be 9.33 feet (2.84 m); therefore, since the lanes were 8
feet (2.5 m) wide, an optimum angle of 31° was chosen. To ensure rut measurements were taken
from the same locations, metal washers were epoxied to the surface of each test pavement at the
location where each support contacted the asphalt. The total distance between each leg was
measured and an optimum layout was created using AutoCAD such that four profiles were taken
at equally spaced intervals along each test section. In order to compensate for the starting
location of the profiler wheel, which is in front of the legs, profiler positions on Lane C and Lane
D were a mirror image of those on Lane A and Lane B. The profilometer layout on the
pavement can be seen in Figure 59.
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Figure 59. Overhead view of test pavements in APLF showing placement of profilometer.

As agreed upon between ODOT and ORITE, the strains and displacement of the test
pavements caused by the dynamic wheel loadings would be analyzed as well as the susceptibility
of pavement rutting. Rutting was measured initially and again after 100, 300, 1000, 3000, and
10,000 wheel passes per test section respectively. The pavement profiles were recorded using a
Windows DOS program created by ORITE.

10.3APLF Testing Pavement Responses
Dynamic load testing was conducted in the APLF on the highly modified asphalt mix
designed by Kraton Polymers containing 7.5% polymer content during the months of May
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through September 2014. Testing was performed at two temperatures (70°F (21.1°C) and 100°F
(37.8°C)). Upon completion of 10000 passes on all lanes at 70°F (21.1°C), the temperature was
increased to 100°F (37.8°C), the temperature allowed to stabilize through the pavement
thickness, and 10000 passes were then applied to all lanes at the higher temperature. Profiles
were taken to measure rutting of each test section prior to loading and upon completion of 100,
300, 1000, 3000, and 10,000 passes of a 9000 Ib (40 kN) load. After completion of 100, 3000,
and 10000 passes, the lead wires were attached to the LVDTSs and twelve passes of three wheel
loads (6000 Ib (27 kN), 9000 Ib (40 kN) and 12000 Ib (53 kN)), at various offsets to the
centerline of the lane, were applied to analyze the test section’s pavement response. The tire
travelled at an approximate speed of 5 mph (8 km/h). Longitudinal strains in the base layer of
each test section were compared to calculated endurance limits to determine which sections met
the perpetual pavement design criteria. Deflections were measured at the bottom of the 304
aggregate base and 36 in (91 cm) into the subgrade.

10.3.1 Strain Responses in the HIMA Pavement

During testing, strain responses were measured in the same direction as traffic (the rolling
load wheel), called the longitudinal direction, and in the perpendicular or “transverse” direction.
Strains found in the longitudinal direction initially produced compressive strains as the wheel
approached the gage as well as after the wheel passed over the gage. However, while the wheel
was over the gage the strains in the pavement switched from compressive to tensile strains.
Figure 60 shows the longitudinal strains recorded for 8 in (20 cm) pavement (Lane A) during a
12 kip (53 kN) load while the entire pavement was kept at 70°F (21°C).
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Figure 60. Longitudinal strain at bottom of AC base in Lane A, 70°F (21°C), 12 kip (53 kN) load.

As seen in the Figure, the maximum longitudinal strain produced for the 8 inch lane was
found to be 79 pe and is represented by the dashed line. The compressive strains in the
pavement are represented by the negative values in the figure, whereas the positive values are
representative of the tensile strains. The figure shows that as the wheel approaches the
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longitudinal strain gage, the pavement initially starts to go into compression but as the wheel
continues over the gage the pavement changes to tension briefly before returning to compression.

Strains measured in the transverse direction caused the pavement to act in both
compression and tension depending on the depth in the pavement. Transverse strains measured
at the bottom of the AC base produced tensile strains, while strains measured at the bottom of the
intermediate layer produced compressive strains. Figure 61 shows the transverse strains
recorded for the 10 in (25 cm) pavement (Lane C) during a 12 kip (53 kN) load while the full
depth of the pavement structure was maintained at 70°F (21°C).
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Figure 61. Transverse strain at bottom of AC base in Lane C, 70°F (21°C), 12 kip (53 kN) load.

10.3.2 Longitudinal Strain in HIMA Base Caused by Adjusted Load

The 8 in (20 cm) test section, Lane A, produced the highest longitudinal strains in the AC
base during dynamic testing in the APLF. The following table shows the average and maximum
longitudinal strains found in Lane A (8 in (20 cm)), Lane B (9 in (23 cm)), Lane C (10 in (25
cm)), and the control Lane D (11 in (28 cm)) produced during testing in the 70° F (21.1°C) and
the 100°F (37.8°C) temperatures under three wheel loads of 6000 Ib (27 kN), 9000 Ib (40 kN),
and 12000 Ib (53 kN). Table 56 shows the highest maximum strains of 79 pe and 113 ue were
produced under the 12,000 Ib (53 kN) wheel loads for both temperatures on the thinnest (8 in (20
cm)) test section. The results show the 10 in (25 cm) section (Lane C) using the HIMA,
produced strains lower than the 11 in (28 cm) control (Lane D) for testing at 70° F (21.1°C) and
yielded similar longitudinal strains at 100°F (37.8°C).
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Table 56. Average and maximum longitudinal strains in base layer (us).

AC Load ( Ib (kN))

thickness | 6000 (27) | 9000 (40) | 12000 (53)

Lane | (in) | (cm) [ Avg | Max | Avg | Max | Avg | Max
70° F (21.1° C)

A 8 20 35 43 54 61 70 79

B 9 23 31 36 48 54 62 69

C 10 25 21 24 35 39 46 51

D 11 28 27 43 40 55 52 67
100° F (37.8° C)

A 8 20 [ 62 | 66 | 89 | 93 [ 106 | 113

B 9 23 | 41 46 63 73 79 83

C 10 25 34 | 44 50 56 61 67

D 11 28 27 34 43 56 56 73

Figure 62 is a plot of average maximum longitudinal strains versus the three wheel loads
applied during testing at 70° F (21.1°C), and the results of testing done at 100°F (37.8°C) can be
seen in Figure 63. As seen in the table as well as the following Figure 62 and Figure 63,
typically the 11 in (28 cm) control lane (Lane D) produced the lowest average maximum
longitudinal strains in the AC base layer at 100°F (37.8°C) under all three loads, while at 70° F
(21.1°C), the 10 in (25 cm) HiMA lane (Lane C) produced the lowest average maximum
longitudinal strains.

As seen in Figure 62, longitudinal strains in the 10 in (25 cm) section (Lane C) were less
than those in the 11 in (28 cm) control section (Lane D) during testing conducted at 70°F
(21.1°C). However, the 8 in (20 cm) and 9 in (23 cm) sections both produced average maximum
longitudinal strains higher than strains in the AC base of the 11 in (28 cm) control lane.
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Longitudinal Strain in AC Base: 70 °F (21.1 °C)
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Figure 62. Average max longitudinal strains for APLF test sections at 70°F (21.1°C) (6000 Ib = 27 kN, 9000 Ib
=40 kN, 12,000 Ib =53 kN) (8in=20cm, 9in=23cm, 10 in =25cm, 11 in =28 cm).
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Longitudinal Strain in AC Base: 100°F (37.8°C)
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Figure 63. Average max longitudinal strains for APLF test sections at 100°F (37.8°C) (6000 Ib = 27 kN, 9000
Ib =40 kN, 12,000 Ib =53 kN) (8in=20cm, 9in =23 cm, 10in=25cm, 11 in =28 cm).

At 100°F (37.8°C), once again Lane A and Lane B produced higher longitudinal strains
than the other two test sections. As seen in Figure 63, the effects of temperature on the 8 in (20
cm) section caused much higher strains to be produced when being compared to the 9 in (23 cm)
and 10 in (25 cm) HiMA sections and the 11 in (28 cm) control section.

10.3.3 Influence of Temperature on Strain in HIMA Base

It was expected that the increase in temperature from 70°F (21.1°C) to 100°F (37.8°C),
would cause an increase in the amount of strains generated in the HIMA Base. Table 57 shows
the average longitudinal strain increase that occurred within each test section in the AC base
layers under the 6000 Ib (27 kN), 9000 Ib (40 kN), and 12,000 Ib (53 kN) wheel loads.

Table 57. Percent increase in longitudinal strains due to temperature increase.

AC thickness Load (Ib (kN))

Lane | (in) | (cm) [6000 (27)|9000 (40)|12000 (53)
8 20 177% 164% 152%
9 23 131% 129% 127%
10 25 160% 143% 134%
11 28 97% 107% 108%

olo|m|>
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10.3.4 Rutting in APLF

The asphalt mixes tested in the APLF appear to be very resistant to rutting. Amongst all
test sections the 8 in (20 cm) test section, which exhibited the highest peak strains for both
temperatures, was analyzed as an example to show the minimal amounts of rutting measured in
the test pavements. Rutting was measured to be 0.012 in. (0.303 mm) in the 8 in (20 cm) test
section (Lane A) after 10,000 wheel passes conducted at 70°F (21.1°C). Additionally, the
accumulated rutting was measured after 10,000 wheel passes conducted at 100°F (37.8°C) and
was found to be 0.046 in. (1.168 mm). Figure 64 shows the profile history in the 8 in (20 cm)
section from profiles taken after 100, 300, 1000, 3000, and 10,000 wheel passes with the wheel
loaded to 9000 Ib (40 kN), whereas Figure 65 shows the profile history with testing conducted at
100°F (37.8°C). Both figures show the initial profiles of the 8 in (20 cm) section as a bolded line
and indicated by the number “0” and the 10,000 passes indicated by the dotted line.
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Figure 64. Profile history of 8 in (20 cm) section (Lane A) in APLF at 70°F (21.1°C) (1 in = 2.54 cm).
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Figure 65. Profile history of 8 in (20 cm) section (Lane A) in APLF at 100°F (37.8°C) (1 in = 2.54 cm).

Further evaluation was performed at locations that showed the largest rutting in each test
section. Maximum rut depths were calculated by taking the original profile elevation and
subtracting successive profile section elevations. The maximum difference in elevations in each
test section occurred along the wheel path when the sections were kept at a temperature of 100°F
(37.8°C). Table 58 shows the maximum rut depths for the APLF test sections.

Table 58. Maximum rut depth for APLF lanes at 100°F (37.8°C).

Lane A Lane B Lane C Lane D
Number of Passes

(in) | (em) | (in) | (cm) | (in) (cm) (in) (cm)

100 0.013 | 0.032 | 0.009 | 0.023 | 0.013 | 0.034 | 0.012 | 0.030

300 0.020 | 0.051 | 0.016 | 0.041 | 0.022 | 0.055 | 0.025 | 0.065

1,000 0.029 | 0.074 | 0.026 | 0.066 | 0.037 | 0.093 | 0.038 | 0.096

3,000 0.036 | 0.091 | 0.036 | 0.091 | 0.038 | 0.095 | 0.054 | 0.137

10,000 0.046 | 0.117 | 0.050 | 0.128 | 0.054 | 0.138 | 0.069 | 0.174
Pavement thickness 8 20 9 23 10 25 11 28

The maximum values from the previous table were plotted against the number of passes
at 9000 Ib (40 kN) load and can be seen in Figure 66.
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Figure 66. Rut depth vs. number of passes for HIMA at 100°F (37.8°C) (1 in =2.54 cm).
Using the trend lines produced in Figure 66, logarithmic equations were used to model
the rutting behavior of each test section for the HIMA study. Table 59 shows the trend line
parameters that are based on the equation y = A*Inx + B.

Table 59. Trendline parameters for HIMA lanes.

i Trend line parameters at 100°F (37.8°C)
Pavement Section )
A (in) A (cm) B R?
Lane A 0.0072 0.0183 -0.0208 0.9982
Lane B 0.0089 0.0226 -0.0339 0.9868
Lane C 0.0086 0.0218 -0.0262 0.9598
Lane D 0.0123 0.0312 -0.0454 0.9979

ODOT has four classifications for rutting: high, medium, low, and none. High rutting
consists of any rut depth that exceeds 0.75 in. (1.91 cm), medium rutting falls between 0.75 in. —
0.375in. (1.91 cm — 0.95 cm), low rutting falls between 0.375 in. — 0.125 in ( 0.95 cm - 0.32
cm), and any rutting below 0.125 in. (0.32 cm) is considered “No Rutting” (Sargand et al., 2009).
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For this project no rut values were found to exceed the “Low Rut” threshold of 0.125 in (0.32
cm), as can be seen in Table 58.

Since only one type of surface mix was used in the HIMA project, rutting data from the
WMA project in 2009 was used to compare against the HIMA surface mix, which had been
subjected to a similar experimental protocol (Sargand et al., 2009). Table 60 and Figure 67
compare the maximum rut depths found in the HIMA and WMA projects while the test sections
were maintained at high temperatures of approximately 100°F (37.8°C). The Aspha-min and
Control surface mixes were chosen to compare against the HiMA surface mix.

Table 60. Maximum rut depth for APLF and WMA surface mixes under high temperature. WMA data
from Sargand et al. (2009).

Number of HiMA Lane D WMA 3N Aspha-min WMA 4N Control
Passes (in) (cm) (in) (cm) (in) (cm)
100 0.012 0.030 0.046 0.116 0.025 0.064
300 0.025 0.065 0.065 0.165 0.040 0.102
1,000 0.038 0.096 0.096 0.244 0.066 0.169
3,000 0.054 0.137 0.137 0.348 0.105 0.267
10,000 0.069 0.174 0.202 0.513 0.174 0.441
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Figure 67. Comparison of average rut depths between HIMA and WMA mixes at high temperature in APLF
(1in=2.54cm).

121



As shown in Figure 67, the HIMA surface produced much lower rutting over the same
number of loading passes. To determine how much more rut resistant the HIMA was compared
to the WMA mixes, further numerical analysis was completed. Using the ODOT classification
for “Low Rut” and arranging the trend line parameter equation discussed previously for the
HiMA and the trend line parameter equation from the WMA report, the number of passes could
be solved for by setting the rut depth equal to 0.125 in. (0.32 cm) and solving for the number of
passes. Table 61 shows the results to using this technique. The HiMA surface would need over
1 million passes at 9000 Ib (40 kN) to reach low rutting. This value is significantly greater than
those for Aspha-Min (2260 passes) and the control (4551 passes).

Table 61. Number of passes of 9000 Ib (40kN) load to reach low rutting classification (0.125 in = 0.32 cm).

Mix Number of passes to reach low rutting threshold
HIMA 1,038,885
Aspha-Min 2260
Control 4551

In 2013, NCAT created Report 13-03 (Timm et al., 2013), in which the researchers
compared rut resistance of a 5.75 in (14.6 cm) HiMA Kraton mix section to a control section
consisting of 7 in (17.8 cm) of AC. The NCAT report concluded there was a significantly lower
rate of rutting in the HIMA compared to the control mix (Timm et al., 2013). Based on the
findings between the APLF and the WMA projects, this report agrees with that claim. HiMA
binder appears to resist rutting in the surface and intermediate layers better than standard HMA
and WMA mixes.
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11 Estimating the Fatigue Endurance Limit

The key to designing a perpetual pavement is eliminating bottom-up fatigue cracking.
The perpetual pavement design includes a top layer designed to resist rutting and tire wear, an
intermediate layer that also resists rutting, and a rich bottom layer designed to resist fatigue
cracking, known as the fatigue resistance layer (FRL). The thicknesses of the layers are
increased so that the strain at the bottom of the FRL, where it contacts the dense graded
aggregate base (DGAB) never exceeds a specified value of the longitudinal tensile strain, called
the “fatigue endurance limit”, in regular use.

The fatigue endurance limit can be estimated using the results of the dynamic modulus
test to estimate the initial flexural stiffness (Eo). The NCHRP project 9-44A included a vigorous
laboratory testing program and development of a model which estimates the fatigue endurance
limit based on results of the beam fatigue test (Witczak et al, 2013). This model calculated the
Stiffness Ratio (SR) based on applied tensile strain, rest period, number of loading cycles, and
the initial flexural stiffness for the beam fatigue test. The endurance limit of an asphalt mix can
be determined by setting the Stiffness Ratio equal to one and solving for the tensile strain. The
following equation is shown again to reiterate the various terms that affect the Stiffness Ratio:

SR = 2.0844 — 0.1386*log(Eo) — 0.4846*I0g(a) — 0.2012*log(N) + 1.4103*tanh(0.8471*RP) +
0.0320*l0g(Eo)*log(&) — 0.0954*log(Eo)*tanh(0.7154*RP) —
0.4746*10g(&)*tanh(0.6574*RP) + 0.0041*log(N)*log(Eq) + 0.0557*log(N)*log(a) +
0.0689*log(N)*tanh(0.259*RP)

Where:
SR = stiffness ratio = stiffness measured at any load cycle during beam fatigue testing to
the initial stiffness of the specimen
Eo = initial flexural stiffness (ksi)
& = applied tensile strain (pe)
RP = rest period (sec)
N = number of load cycles

The NCHRP project 9-44A report included a sensitivity study which concluded N has
little to no effect on the Stiffness Ratio. Since there is no effect, N is set to 200,000 cycles for
this analysis, as recommended by the NCHRP 9-44 A researchers (Witczak et al, 2013). On the
other hand, the Rest Period (RP) had a major effect on the endurance limit. However, once the
rest period reached or exceeded 5 seconds, the endurance limits became very similar. Since this
occurs, rest periods were plotted for different pavement mixes to show the variation. For
experimental analysis of the DEL-23 pavement and the HIMA pavement inside the APLF, a
common rest period of five seconds was used. Figure 68 is an example of how the rest period
and flexural stiffness can affect the fatigue endurance limit.
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Figure 68. AC base endurance limit vs. flexural stiffness at various Rest Periods (RP) in seconds for APLF
control mix.

11.1Effect of the Initial Flexural Stiffness

The flexural stiffness of the mix has an effect on the endurance limit. In general, as the
stiffness decreases, the endurance limit increases due to the material becoming more flexible and
ductile. Consequently, as the stiffness increases, the endurance limit decreases due to the mix
becoming more brittle. The value of the dynamic modulus and flexural stiffness for a mix is
dependent on the temperature and frequency. The dynamic modulus is lower at the higher
temperature and higher at the lower temperature. Relationships between the dynamic modulus
and temperature for each base layer mix will be determined to estimate the value of the dynamic
modulus at a particular test temperature.

Since the flexural stiffness is so crucial, estimating flexural stiffness based on the
dynamic modulus is somewhat controversial. The NCHRP Design Guide assumes the dynamic
modulus is equal to the initial flexural stiffness, whereas Kansas researchers found the dynamic
modulus is about two times the value of the initial flexural stiffness (Romanoschi, et al, 2006).
Romanoschi, et al., also states the frequency of the dynamic modulus used for comparison was
10 Hz. Both assumptions will be used to compare the various endurance limits for this analysis
(Eo = E* and Eo = E*/2) at a loading frequency of 10 Hz for the dynamic modulus.
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11.2Endurance Limits Based on Laboratory Tested Temperatures
Table 62 is a summary of endurance limits for each site and AC base mixes when using
the NCHRP assumption that dynamic modulus is equal to initial flexural stiffness (Eo = E*):

Table 62. Estimation of endurance limit when Eo = E*, RP =5 seconds, f = 10 Hz, N = 200,000, SR = 1.

Test Temp Dynamic Initial Flexural | Endurance
Site Mix T Modulus E* Stiffness Eo Limit &
CR) | CC) | (ksi) | (GPa) | (ksi) | (GPa) (ue)
40 4.4 12495 | 17.20 | 2495 | 17.20 70
DEL-23 FRL 70 | 21.1 | 1534 | 1058 | 1534 | 10.58 80
100 | 37.8 | 656 | 4.52 656 4.52 100
AC 40 44 |2729]18.82 | 2729 | 18.82 68
Base: 70 | 21.1 | 1515 | 10.45 | 1515 10.45 80
HiMA | Control | 100 | 37.8 | 677 | 4.67 677 4.67 99
APLF AC 40 44 |2622 | 18.08 | 2622 | 18.08 69
Base: 70 | 21.1 | 1591 | 10.97 | 1591 10.97 79
Kraton | 100 | 37.8 | 653 | 4.50 653 4.50 100

Table 63 is a summary of endurance limits for each site and AC base mixes when using
the Kansas testing results that state the dynamic modulus is two times larger than initial flexural
stiffness (Eo = E*/2). As expected, the estimated endurance limits are larger when Eq = E*/2.

Table 63. Estimation of endurance limit when Eo = E*/2, RP = 5 seconds, f = 10 Hz, N = 200000, SR = 1.

Test Temp Dynamic Initial Flexural | Endurance
Site Mix T Modulus E* Stiffness Eo Limit &
(CF) | (°C) | (ksi) | (GPa) | (ksi) | (GPa) (ne)
DEL 40 | 4.4 | 2495 | 17.20 | 1247 8.60 84
23 i FRL 70 [ 21.1 1534 | 10.58 | 767 5.29 96
100 | 37.8 | 656 | 452 | 328 2.26 119
AC Base: 40 | 4.4 | 2729 18.82 | 1365 9.41 82
Contfgf' 70 | 201 | 1515 | 10.45 | 757 | 5.22 96
HIMA 100 | 37.8 | 677 | 4.67 | 339 2.34 118
APLF AC Base: 40 | 4.4 | 2622 18.08 | 1311 9.04 83
Kraton | 70 | 21.1 | 1591 | 10.97 | 795 5.48 95
100 | 37.8 | 653 | 450 | 326 2.25 119

11.3Comparison of Endurance Limits and Strain Results from Field
Testing
Since temperatures of the laboratory testing are not always equal to temperatures
measured in the field in the asphalt base layers, relationships must be developed to better
estimate the endurance limits of the pavement structures. These relationships are based on a
second-order polynomial regression curve for each mix that is based on the dynamic modulus at
10 Hz versus test temperature. The following equation was used to describe this relationship:
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EX(T)=aT?+bT +c

Where:
T = Test Temperature (°F)
a, b, c = Regression Coefficients

Table 64 and Table 65 are a summary of the dynamic modulus results versus temperature at a
frequency of 10 Hz and the resulting regression coefficients respectively. The equation for E*(T)
can also be solved for metric units (GPa) by substituting Te=Tc*(9/5) + 32 and expanding the
polynomials and multiplying by a conversion factor from ksi to GPa to find new coefficients for
an equation of the same form quadratic in Celsius temperature, shown in bottom part of Table
65.

Table 64. Dynamic modulus results at 10 Hz.

Dynamic Modulus at 10 Hz
Temperature . HlM,lb\(-r?tgnBase- APLg;Antcro?ase-
(°F) (°C) (ksi) (GPa) (ksi) (GPa) (ksi) (GPa)
40 4.4 2495 17.20 2769 19.09 2729 18.82
70 21.1 1534 10.58 1552 10.70 1515 10.45
100 37.8 656 4.52 733 5.05 677 4.67
130 54.4 261 1.80 290 2.00 211 1.45
Table 65. Second order regression coefficients for each mix. English units at top, metric units at bottom.
_ Regression Coefficients
AC Base Mix a(ksiPF?) | b(ksiPF) | c(ksi) | R?
DEL-23 FRL 0.1573 -51.998 4343 0.9973
HiMA-AC Base-Kraton 0.2147 -64.015 4984 1
HiMA-AC Base-Control 0.2077 -63.286 4927.9 1
ac (GPa/°C?) | bc (GPa/°C) | c. (GPa) R?
DEL-23 FRL 0.00351 -0.5204 19.5821 | 0.9973
HiMA-AC Base-Kraton 0.00480 -0.6239 21.7555 1
HiMA-AC Base-Control 0.00464 -0.6204 21.4802 1

To determine whether a pavement structure is perpetual, the stiffness ratio must be
greater than or equal to one when the strain is entered into the model. From both DEL-23 and
HIMA testing, the average maximum strains were determined during field testing. By inserting
the strain values measured in the field and solving for Stiffness Ratio, perpetual pavement status
can be determined. The dynamic modulus used is based on the temperature measured in the field,
the second-order polynomial equations for each mix will ensure the dynamic modulus selected
for the analysis is representative of the temperature conditions in the AC base layer for each site
and day tested.
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It is important to note the strains measured for the DEL-23 testing is based on a single
axle, single wide based tire load of 14 kip (62 kN) whereas the APLF average maximum strains
recorded were based on a tandem axle, dual tire load of 12 kip (53 kN). The loads are similar but
the single tire configuration is expected to result in higher strain readings. As before, the initial
flexural stiffness will be estimated using both Eo = E* and Eo = E*/2. Table 66 and Table 67
show the FEL of the DEL-23 test temperatures and the results of the stiffness ratio when the
average maximum strains measured are put into the endurance limit prediction model.

Table 66. DEL-23 fatigue endurance limit at test temperatures Eo = E*, RP =5 seconds, f = 10 Hz, N =
200000, SR = 1.

Pavement| Avg. Dynamic | Initial Flexural
Date Lane Depth | Temp T |Modulus E*| Stiffness Eo

(in) [(cm)[ (°F) | (°C) | (ksi) [(GPa) | (ksi) [ (GPa) | (ue)
11/29/2012 | 39D168 | 15 | 38 | 41 | 5.0 |2460(16.96 | 2460 | 16.96 | 70
12/18/2012 | 39BN803 | 11 | 28 | 44 | 6.7 |2364(16.30 | 2364 | 16.30 | 71
12/19/2012 | 39BS803 | 13 | 33 | 44 | 6.7 |2352(16.22| 2352 | 16.22 | 71
7/1/2013 | 39D168 | 15 | 38 | 84 (28.9|1075| 7.41 | 1075 | 7.41 88
7/10/2013 | 39BN803 | 11 | 28 | 80 |26.7|1192| 8.22 | 1192 | 8.22 85
7/11/2013 | 39BS803 | 13 | 33 | 81 |27.2|1151| 7.94 | 1151 | 7.94 | 86

FEL &t

Table 67. DEL-23 stiffness ratio based on the average peak strain measured during the controlled vehicle
load tests (Eo = E*), RP =5 seconds, f = 10 Hz, N = 200000.

Pavement | Avg. Temp | Initial Flexural | Stiffness | Avg. Peak | FEL

Date Lane Depth T Stiffness Eo | Ratio SR Strain &t
(in) Jcm)] °F) | (°C) | (ksi) | (GPa) (ne) | (ue)

11/29/2012| 39D168 | 15 | 38 | 41 | 5.0 | 2460 | 16.96 1.15 38 70
12/18/2012| 39BN803 | 11 | 28 | 44 | 6.7 | 2364 | 16.30 1.1 47 71
12/19/2012| 39BS803 | 13 | 33 | 44 | 6.7 | 2352 | 16.22 1.2 31 71
7/1/2013 | 39D168 | 15 | 38 | 84 |28.9 | 1075 7.41 1.04 74 88
7/10/2013 | 39BN803 | 11 | 28 | 80 | 26.7 | 1192 | 8.22 0.96 101 85
7/11/2013 | 39BS803 | 13 | 33 | 81 |27.2| 1151 | 7.94 1.05 70 86

Based on the testing results from DEL-23, the summer testing showed the 11 in (28 cm)
section (39BN803) had a stiffness ratio less than one when the initial flexural stiffness was set
equal to the dynamic modulus at the respective test temperature. All other test sections for
summer and winter showed the stiffness ratio greater than or equal to one; they could be
classified as perpetual pavement sections based on the model prediction. Table 68 and Table 69
show the results of the model prediction when the initial flexural stiffness is equal to one half of
the dynamic modulus.
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Table 68. DEL-23 Fatigue endurance limits at test temperatures (Eo = E*/2), RP =5 seconds, f=10 Hz, N =
200000, SR = 1.

Pavement Avg. Dynamic Initial Flexural | FEL
Date Lane Depth Temp T | Modulus E* Stiffness Eo &t
(in) | (cm) [ CF) | (°C) | (ksi) | (GPa) | (ksi) | (GPa) | (ne)
11/29/2012 | 39D168 | 15 | 38 | 41 | 5.0 | 2460 | 16.96 [ 1230 | 8.48 | 85
12/18/2012 | 39BN803 | 11 | 28 | 44 | 6.7 | 2364 | 16.30 [ 1182 | 8.15 [ 85
12/19/2012 | 39BS803 | 13 | 33 | 44 | 6.7 | 2352 | 16.22 | 1176 | 8.11 | 86
7/1/2013 | 39D168 | 15 | 38 | 84 [28.9]1075| 7.41 537 3.70 | 105
7/10/2013 [ 39BN803 | 11 | 28 | 80 [26.7 [ 1192 | 8.22 596 411 | 102
7/11/2013 | 39BS803 | 13 | 33 | 81 |27.2| 1151 | 7.94 575 3.96 | 103

Table 69. DEL-23 stiffness ratio based on the average peak strain measured during the controlled vehicle
load tests (Eo = E*/2), RP =5 seconds, f = 10 Hz, N = 200000.

Pavement | Avg. Temp | Initial Flexural | Stiffness | Avg. Peak | FEL

Date Lane Depth T Stiffness Eo Ratio SR Strain &t
(in) |[(em)| °F) | (°C) | (ksi) | (GPa) (ne) | (ue)

11/29/2012| 39D168 | 15 | 38 | 41 [ 5.0 | 1230 | 8.48 1.20 38 85
12/18/2012|39BN803| 11 | 28 | 44 | 6.7 | 1182 | 8.15 1.15 47 86
12/19/2012|139BS803| 13 | 33 | 44 | 6.7 | 1176 | 8.11 1.25 31 86
7/1/2013 | 39D168 | 15 | 38 | 84 |28.9| 537 3.70 1.09 74 105
7/10/2013 |39BN803| 11 | 28 | 80 | 26.7 | 596 4.11 1.00 101 102
7/11/2013 |39BS803| 13 | 33 | 81 | 27.2| 575 3.96 1.10 70 103

When using the assumption the initial flexural stiffness is half of the dynamic modulus,
all of the pavement sections on DEL-23 have a stiffness ratio greater than or equal to one. Using
this assumption, all the pavement sections can be classified as perpetual based on the beam
fatigue model. The temperatures inside the APLF were controlled for testing purposes. Two
temperatures were selected for testing 70 °F (21.1°C) and 100 °F (37.8°C). Also, the strains used
for perpetual pavement analysis were based on a tandem axle, dual tire configuration with a
12,000 Ib (53 kN) load applied to the pavement. Table 70 and Table 71 show the FEL of the
HiMA test temperatures and the results of the stiffness ratio when the average maximum strains
measured are inputted into the endurance limit prediction model.

Table 70. APLF fatigue endurance limits at test temperatures (Eo = E*), RP =5 seconds, f =10 Hz, N =
200000, SR = 1.

Test Dynamic Initial Flexural | FEL
Mix Temp T | Modulus E* | Stiffness Eo &t
CF) [ (CC) | (ksi) | (GPa) | (ksi) | (GPa) | (ue)
ACBase: | 70 [ 21 | 15151 10.45 | 1515 10.45 80
Control | 100 | 38 | 677 | 4.67 | 677 4.67 99
ACBase: | 70 [ 21 |1552 | 10.70 | 1552 | 10.70 79
Kraton 100 | 38 | 733 | 5.05 | 733 5.05 97
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Table 71. APLF stiffness ratio based on the average peak strain measured during the controlled load tests (Eo
= E*), RP =5 seconds, f = 10 Hz, N = 200000.

Pavement | Test Temp | Dynamic [Initial Flexural| Stiffness | Avg. Peak | FEL

Lane| Mix |Thickness T Modulus E* | Stiffness Eo |Ratio SR| Strain &t
(in) |(cm) | °F) | (°C) | (ksi) |(GPa)| (ksi) | (GPa) (ne) | (ue)

D AC Base: 11 | o8 70 | 21 | 1515 (10.45] 1515 | 10.45 1.1 52 80
Control 100 | 38 | 677 | 4.67 | 677 | 4.67 1.14 56 99

c AC Base: 10| 25 70 | 21 | 1552 (10.70] 1552 | 10.70 | 1.13 46 79
Kraton 100 | 38 | 733 | 5.05| 733 | 5.05 1.11 61 97

B AC Base: 9 | 23 70 | 21 |1552]10.70| 1552 | 10.70 | 1.06 62 79
Kraton 100 | 38 | 733 | 5.05| 733 | 5.05 1.05 79 97

A AC Base: s | 20 70 | 21 | 1552 (10.70] 1552 | 10.70 | 1.03 70 79
Kraton 100 | 38 | 733 [5.05| 733 | 5.05 0.98 106 97

Based on the results of the HIMA testing, Lane A did not meet the criteria from perpetual
pavement when the initial flexural stiffness was set equal to the dynamic modulus. Table 72 and
Table 73 show the results of the endurance limit estimation when the initial flexural stiffness is
half of the dynamic modulus.

Table 72. APLF fatigue endurance limit at test temperatures (Eo = E*/2), RP =5 seconds, f =10 Hz, N =
200000, SR = 1.

Test Temp Dynamic Initial Flexural | FEL
Mix T Modulus E* Stiffness Eo &t
CF) [ (CC) | (ksi) | (GPa) | (ksi) | (GPa) | (ue)
ACBase: | 70 | 21 | 1515 | 10.45| 757 | 5.22 96
Control [ 100 | 38 | 677 | 467 | 339 | 2.34 | 118
ACBase: | 70 [ 21 | 1552 | 10.70 | 776 | 5.35 95
Kraton | 100 | 38 | 733 | 505 | 367 | 253 | 116

Table 73. APLF stiffness ratio based on the average peak strain measured during the controlled load tests (Eo
= E*/2), RP =5 seconds, f = 10 Hz, N = 200000.

Pavement|Test Temp| Dynamic |Initial Flexural| Stiffness |Avg. Peak| FEL

Lane| Mix [Thickness T Modulus E* | Stiffness Eo [Ratio SR| Strain &t
(in)[(cm) | (°F) | (°C) | (ksi) | (GPa) | (ksi) | (GPa) (ne) | (ue)

D AC Base: 111 28 70 | 21 | 1515 | 10.45 | 757 | 5.22 1.15 52 96
Control 100 38 | 677 | 4.67 | 339 | 2.34 1.19 56 118

c AC Base: 10l 25 70 | 21 [ 1552 | 10.70 | 776 | 5.35 1.18 46 95
Kraton 100 38 [ 733 | 5.05 | 367 | 2.53 1.16 61 116

B AC Base: 9| 23 70 | 21 [ 1552 [ 10.70 | 776 | 5.35 1.11 62 95
Kraton 100 38 [ 733 | 5.05 | 367 | 2.53 1.1 79 116

A AC Base: s | 20 70 | 21 [ 1552 | 10.70 | 776 | 5.35 1.03 70 95
Kraton 100| 38 | 733 | 5.05 | 367 | 2.53 1.02 106 116

When the dynamic modulus was set equal to the initial flexural stiffness, Lane A did not
have a stiffness ratio greater than or equal to one. Unlike the previous analysis, when Eq = E*/2,
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Lane A met the criteria for perpetual pavement status. When using the assumption from the
Kansas report, all of the lanes in the APLF are considered perpetual based on the model from the
NCHRP project 9-44A report.

In Section 4.2 the literature behind the concept of the endurance limit was discussed. The
endurance limit is the key element in the perpetual pavement design, namely that by building the
pavement thick enough and using the appropriate materials to ensure the tensile stress at the
bottom of the asphalt fatigue resistance layer never exceeds the endurance limit, you can prevent
the bottom-up damage that typically leads to the need for a full-depth reconstruction. Instead the
pavement will perform for 50 years or more provided with periodic surface course milling and
replacement.

Early studies, such as those discussed in Romanello (2007) and Sargand, Figueroa, and
Romanello (2008), arrived at a fixed endurance limit criterion of 70 ue used in the construction
of the WAY30 perpetual pavement. Since then the endurance limit has been adjusted, usually
upward, depending on the material properties of the asphalt and/or aggregate being used. It is
also possible to derive an endurance limit from the NCHRP 9-44A equation using the approach
with Eo=E" or Eo= E'/2.

For the three pavements constructed and studied on DEL-23, they all meet even the
original conservative 70p¢ criterion for perpetual pavement except the thinnest pavement with 11
in (28 cm) thickness, as seen in Table 67. We can thus conclude that using a similar design and
mix, a thickness of 13 in (33 cm) will be sufficient to create a perpetual pavement, when
constructed on a stabilized subgrade. The only section included in the study on compacted
subgrade consisted of 15 in (38 cm) of asphalt. Therefore, we can conclude that, using a similar
design and mix, a thickness of 15 in (38 cm) will be sufficient to create a perpetual pavement on
compacted subgrade.
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12 Mechanistic-Empirical Pavement Design

Pavement design concepts and practices change as technologies advance. The
Mechanistic-Empirical Pavement Design Guide (MEPDG) reflects the current consensus on
pavement design, as developed and released under NCHRP Projects 1-37A and 1-40D. The
MEPDG includes methods for analyzing and designing most types of new and rehabilitated
flexible, rigid, and composite pavements. It emphasizes the use of sound principles of
engineering mechanics as well as existing models and databases. With the high percentage of
pavement projects in the US that involve the rehabilitation of existing pavements, the MEPDG
specifically emphasizes rehabilitation design.

The AASHTOWare Pavement ME Design software package is a Microsoft Windows
software package used to expedite the determination of suitable prescribed alternatives. The
consistency between the rigid and flexible pavement modules allows for the same inputs and
interfaces, whenever possible, giving the user the ability to examine either rigid or flexible
pavement alternatives. The software is easily interfaced with any open database connectivity
(ODBC)-compliant database. There are provisions to enable the use of other advanced database
management systems.

The MEPDG performance was calibrated based on Long Term Pavement Performance
(LTPP) database field pavement performance data. The LTPP database compiles measurements
from thousands of flexible and rigid pavement projects nationwide, including data on design,
material properties, climate, traffic, and performance data. Despite its nationwide orientation,
the LTPP does not include extensive results from all states; some states did not participate, and
others submitted data for only limited sites. The LTPP database does not yet include all
materials used in highway construction. Also, when the MEPDG software was previously used
to predict performance of pavements on local projects, the results did not correlate well with
actual performance data. This shows the importance of local calibration.

The Ohio Department of Transportation (ODOT) attempted local calibration of the
MEPDG software for pavements in Ohio, yet the conclusions state “The model may be valid
only for the limited conditions under which they were evaluated” and “A more comprehensive
evaluation effort is needed...” (Applied Research Associates, Inc, 2009, Vol. 4). Since 2009,
NCHRP 1-40D and the implementation of new software has seen the asphalt models change, and
the calibration factors created for the earlier MEPDG software are no longer usable, even within
the original limitations. Since the M-E software is being used in this report to compare the
performance of these sections and not to actually predict the field performance, the global
calibration factors will be used. These runs will provide the necessary data for comparing the
thickness designs.

12.1 MEPDG Inputs

Guidelines and software for generating input traffic data for Ohio for use with the M-E
software were developed under State Job 134557 by A. Abbas and A. Frankhouser, in 2012
(Abbas and Frankhouser, 2012). In this report, their Table 66 “MEPDG Traffic Inputs
Recommendations” is shown below as Table 74 and lists the MEPDG inputs recommended and
will be used in our current analysis. Traffic data and growth factors were supplied by ODOT for
the projects analyzed.
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Table 74. MEPDG traffic input recommendations (Abbas and Frankhouser, 2012).

Traffic Input

Recommendation

AADTT This traffic input shall be obtained from ODOT Traffic Monitoring Section.
D(%) Use 50% (current ODOT value) for all roadways.
Level 2 (statewide average). Recommended values: 100% for 2-lane roadways,
LF(%) 95% for 4-lane roadways, 80% for 6-lane roadways, and 70% for 8 or more lane

roadways.

Operational Speed

This traffic input shall be obtained from ODOT Traffic Monitoring Section.

MAF

Level 3 (MEPDG default).

VCD

This traffic input shall be estimated from a combination of site-specific short-term
counts (Level 1) and seasonal adjustment factors for each truck class. The short-
term counts shall be obtained from ODOT Traffic Monitoring Section. Level 2
(statewide average based on functional classification) analysis can be used for
locations where site-specific data is not available.

HDF

Level 3 (MEPDG default) for flexible pavements and Level 2 (statewide average
based on functional classification) for rigid pavements.

Growth Rate

This traffic input shall be obtained from ODOT Modeling and Forecasting Section
(Certified Traffic).

ALS (Single, Tandem,
Tridem, and Quad)

Level 2 (statewide average based on information from all sites)

No. of Axles per Truck

Level 2 (statewide average based on information from all sites)

Lateral Wander

Level 3 (MEPDG default)

Axle Configuration

Level 3 (MEPDG default)

Wheelbase Distribution

Level 3 (MEPDG default)

Material inputs for the M-E software used in this study are listed in Chapter 9. The
material properties in Chapter 9 are used in the M-E software for Level 3 input. In this study,
Level 1 input was used whenever possible, but in most cases Level 3 input was used to simplify

the analysis.

And since the M-E software results will be used for comparison between the

various sites, as long as the input level is consistent, then the comparison will be valid.
12.2MEPDG Results

MEPDG results

from Test Sections 39BN803, 39BS803, 39D168, and 39P168 on the

US23 project and results from the test sections on 177 and US30 are presented in the order listed.
Table 75, Table 76, Table 77, Table 78, Table 79, and Table 80 show the design inputs including
the design structure for each of the test sections. Even though the software shows the subgrade
as A-6, the performance parameters collected from on-site tests with DCP, FWD were used as
input data to provide an accurate representation of the actual materials. Weather stations closest
to the actual test sections were used in the analysis, and the AADT values were set to the same
number for all sections to remove traffic as a variable in the comparisons. Table 81, Table 82,
Table 83, Table 84, Table 85, and Table 86 show the distress summary for each section, and
Figure 69 through Figure 80 show the M-E software results for each section.
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Table 75. Design inputs for Section 39BN803 on DEL-23 (1 in = 25.4 mm).

Design Inputs

Design Life: 50 years Base construction: May, 2015 Climate Data 40.078,-83.078
Design Type: Flexible Pavement Pavement construction: June, 2016 Sources
Traffic opening: September, 2016
Design Structure Traffic
Layer type Material Type Thickness (in.): | Volumetric at Construction: N r ey Tk
) Default asphalt Effective binder ge (year) (cumulative)
Flexible 1.0 7.6
concrete content (%) —
2016 (initial) 4,000
Flexible Default asphalt 20 Air voids (%) 35
concrete . 2041 (25 years) | 24,837,000
Flexible Defaultasphalt 8.0 2066 (50 years) | 63,370,900
concrete
NonStabilized |DGAB 6.0
Subgrade A-6 Semi-infinite
Table 76. Design inputs for Section 39BS803 on DEL-23 (1 in = 25.4 mm).
Design Inputs
Design Life: 50 years Base construction: May, 2015 Climate Data 40.078,-83.078
Design Type: Flexible Pavement Pavement construction: June, 2016 Sources

Design Structure

Traffic opening:

September, 2016

Table 77. Design inputs for Section 39D168 on DEL-23 (1 in = 25.4 mm).

Design Inputs

Design Life:
Design Type:

Design Structure

50 years
Flexible Pavement

Base construction:

Pavement construction:

Traffic opening:

May, 2015
June, 2016
September, 2016

Layer type Material Type Thickness (in.): | Volumetric at Construction:

Flexible Default asphalt 10 Effective binder 76
concrete content (%)

Flexible Default asphalt 20 Air voids (%) 35
concrete

Flexible Default asphalt 100
concrete

NonStabilized |DGAB 6.0

Subgrade A6 Semi-infinite

Climate Data
Sources

Traffic
Heavy Trucks
Age (year
ge (vear) (cumulative)
2016 (initial) 4,000
2041 (25 years) | 24,837,000
2066 (50 years) | 63,370,900

40.078,-83.078

Layer type Material Type Thickness (in.): | Volumetric at Construction:
Flexible Default asphalt 10 Effective binder 76
concrete content (%)
. Default asphalt i vnide (O
Flexible 2.0 Air voids (%) 35
rE— concrete
Sl t Flexible Default asphalt 12.0
concrete
NonStabilized |DGAB 6.0
Subgrade A-6 Semi-infinite
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Traffic
Heavy Trucks
Age (year
ge (year) (cumulative)
2016 (initial) 4,000
2041 (25 years) | 24,837,000
2066 (50 years) | 63,370,900




Table 78. Design inputs for Section 39P168 on DEL-23 (1 in = 25.4 mm).

Design Inputs

Design Life: 50 years Base construction: May, 2015 Climate Data 40.078,-83.078
Design Type: Flexible Pavement Pavement construction: June, 2016 Sources
Traffic opening: September, 2016
Design Structure Traffic
Layer type Material Type Thickness (in.): | Volumetric at Construction: Heavy Trucks
) Default asphalt Effective binder Age (vear) (cumulative)
Flexible 1.0 7.6
concrete content (%) —
2016 (initial) 4,000
) Default asphalt iuni
El | 2. Air voids (%) 35
exible concrete 0 2041 (25 years) | 24,837,000
2066 (50 years 63,370,900
Fexible Default asphalt 100 (50 years)
concrete
NonStabilized |DGAB 6.0
Subgrade A-6 Semi-infinite

Table 79. Design inputs for 177 test section (1 in = 25.4 mm).

40.918, -81.443

Traffic
Heavy Trucks
Age (year) (cumulative)
2016 (initial) 4,000
2041 (25 years) | 23,595,200
2066 (50 years) | 60,202,300

Design Inputs
Design Life: 50 years Base construction: May, 2015 Climate Data
Design Type: Flexible Pavement Pavement construction: June, 2016 Sources
Traffic opening: September, 2016
Design Structure
Layer type Material Type Thickness (in.): | Volumetric at Construction:
Flexible Default asphalt 15 Effective binder 57
concrete content (%)
Flexible Default asphalt 18 Air voids (%) 35
concrete
Flexible Default asphalt 13.0
concrete
NonStabilized |DGAB 6.0
Subgrade A-6 Semi-infinite

Table 80. Design inputs for US30 test section (1 in = 25.4 mm).
Design Inputs

Design Life:

Design Type:

50 years

Design Structure

Flexible Pavement

Base construction:

Pavement construction:

Traffic opening:

May, 2015
June, 2016
September, 2016

Climate Data
Sources

40.875,-81.887
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Layer type Material Type Thickness (in.): | Volumetric at Construction:

Flexible Default asphalt 15 Effective binder 6.6
concrete content (%)

Flexible Default asphalt 18 Air voids (%) 35
concrete

Flexible Default asphalt 13.0
concrete

NonStabilized |DGAB 6.0

Subgrade A-6 Semi-infinite

Traffic
Heavy Trucks
Age (year) (cumulative)
2016 (initial) 4,000
2041 (25 years) | 24,837,000
2066 (50 years) | 63,370,900




Table 81. Distress prediction summary for Section 39BN803 on DEL-23 (1 in/mile = 15.78 mm/km =

1.578x10%; 1
|Distress Prediction Summary

in = 25.4 mm; 1ft/mile = 18.94 cm/km = 1.894x10%).

e
Reliability (%
Distress Type Reliabilit eliability (%)
Taraet i Taraet  Achieved
r r r

r

Predicted

Criterion
Satisfied?

Terminal IRI (in./mile) 172.00 256.05 90.00 28.21 Fail
Permanent deformation - total pavement (in.) " 0.75 " 0.90 " 9000 " 6213 Fail
AC bottom-up fatigue cracking (percent) " 2500 " 2.37 " 9000 " 100.00 Pass
AC thermal cracking (f/mile) " 100000 " 26290 " 9000 " 100.00 Pass
AC top-down fatigue cracking (fmile) " 200000 " 1360.18 9000 " 97.09 Pass
Permanent deformation - AC only (in.) " 0.25 0.74 " 9000 " 221 Fail

Predicted Total Rutting (Permanent Deformation)
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Figure 69. Predicted total rutting for Section 39BN803 on DEL-23 (1in = 25.4 mm).

135



Predicted AC Bottom-Up Cracking (Alligator)
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Figure 70. Predicted AC bottom-up cracking for Section 39BN803 on DEL-23.
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Table 82. Distress summary for Section 39BS803 on DEL-23 (1 in/mile = 15.78 mm/km=1.578x105; 1 in =

25 4 mm; 1ft/mile = 18.94 cm/km = 1.894x10%).
Dlstress Prediction Summary

Distress Type

Terminal IRI (in./mile)

Permanent deformation - total pavement (in.)

AC bottom-up fatigue cracking (percent)

AC thermal cracking (ft/mile)

AC top-down fatigue cracking (ft/mile)

Permanent deformation - AC only (in.)

Dlstress@Specn‘led

r

Target
172.00

0.75
25.00
1000.00

" 2000.00

0.25

136

r

Predlcted
247.28

0.68
1.76
26.26

" 133672

0.54

Target
90.00

90.00
90.00
90.00
90.00
90.00

r

Achleved
33.70

97.02

" 100.00

100.00
97.31
10.86

Criterion
Satisfied?

Fail
Pass
Pass
Pass
Pass

Fail



Predicted Total Rutting (Permanent Deformation)
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Figure 71. Predicted total rutting for Section 39BS803 on DEL-23 (lin = 25.4 mm).

Predicted AC Bottom-Up Cracking (Alligator)
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Figure 72. Predicted AC bottom-up cracking for Section 39BS803 on DEL-23.
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Table 83. Distress summary for Section 39D168 on DEL-23 (1 in/mile = 15.78 mm/km = 1.578x10%; 1 in =
25 4 mm; 1ft/mile = 18.94 cm/km = 1.894x10%).
Dlstress Prediction Summary

Rel | %
Distress Type Reliabilit eliability (%)
Target Predicted Taraet  Achieved
r

Criterion
Satisfied?

Terminal IRI (in./mile) 17200 " 24594 " 9000 " 3456 Fail
Permanent deformation - total pavement (in.) " 0.75 " 0.63 " 9000 " 99.20 Pass
AC bottom-up fatigue cracking (percent) " 2500 " 1.74 " 9000 " 100.00 Pass
AC thermal cracking (fmile) " 100000 " 2623 " 9000 " 100.00 Pass
AC top-down fatigue cracking (fUmile) " 200000 " 28894 " 9000 " 100.00 Pass
Permanent deformation - AC only (in.) " 0.25 " 0.42 " 9000 " 3012 Fail
Predicted Total Rutting (Permanent Deformation)
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Figure 73. Predicted total rutting for Section 39D168 on DEL-23 (1in = 25.4 mm).
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Predicted AC Bottom-Up Cracking (Alligator)
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Figure 74. Predicted AC bottom-up cracking for Section 39D168 on DEL-23.

Table 84. Distress summary for Section 39P168 on DEL-23 (1 in/mile = 15.78 mm/km = 1.578x10%; 1 in =
25 4 mm; 1ft/mile = 18.94 cm/km = 1.894x10%).
Dlstress Prediction Summary

Disiress T D's"essl@fffc'f'ed Reliability (%) Criterion
istress Type eliabili : : Satisfied?
Taraet Predicted Taraet Achieved

Terminal IRI (in./mile) " 17200 " 25131 " 9000 " 31.03 Fail
Permanent deformation - total pavement (in.) " 0.75 " 0.77 " 9000 " 87.40 Fail
AC bottom-up fatigue cracking (percent) " 2500 " 2.08 " 9000 " 100.00 Pass
AC thermal cracking (fUmile) " 100000 " 2626 " 9000 " 100.00 Pass
AC top-down fatigue cracking (fmile) " 200000 " 54749 " 9000 " 100.00 Pass
Permanent deformation - AC only (in.) " 0.25 " 0.53 " 9000 " 1115 Fail

139



Predicted Total Rutting {(Permanent Deformation)
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Figure 75. Predicted total rutting for Section 39P168 on DEL-23 (1in = 25.4 mm).
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Figure 76. Predicted AC bottom-up cracking for Section 39P168 on DEL-23.
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Table 85. Distress summary for STA-77 test section (1 in/mile = 15.78 mm/km = 1.578x10%; 1 in = 25.4 mm;
1ft/m|Ie =18.94 cm/km = 1.894x10%).
Dlstress Prediction Summary

e Dlstfeésl@sr?fc'f'ed Reliability (%) Criterion
istress Type ST . Satisfied?
Target Predicted Taraet  Achieved

Terminal IRI (in./mile) " 17200 " 25871 " 9000 " 2644 Fail
Permanent deformation - total pavement (in.) " 075 " om " 9000 " 9582 Pass
AC bottom-up fatigue cracking (percent) " 2500 " 2.22 " 9000 " 100.00 Pass
AC thermal cracking (fmile) " 100000 " 2782 " 9000 " 100.00 Pass
AC top-down fatigue cracking (fUmile) " 200000 " 25784 " 9000 " 100.00 Pass
Permanent deformation - AC only (in.) " 0.25 " 0.23 " 9000 " 9552 Pass
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Figure 77. Predicted total rutting for STA-77 test section (1in = 25.4 mm).
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Predicted AC Bottom-Up Cracking (Alligator)
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Figure 78. Predicted AC bottom-up cracking for STA-77 test section.

Table 86. Distress summary for WAY-30 test section (1 in/mile = 15.78 mm/km = 1.578x10%; 1 in = 25.4 mm;
1ft/m|Ie =18.94 cm/km = 1.894x10%).

Dlstress Prediction Summary

Disiress T D's"essl@fffc'f'ed Reliability (%) Criterion
istress Type eliabili : : Satisfied?
Taraet Predicted Taraet Achieved

Terminal IRI (in./mile) " 17200 " 26245 " 9000 " 2433 Fail
Permanent deformation - total pavement (in.) " 0.75 " 0.84 " 9000 " 6977 Fail
AC bottom-up fatigue cracking (percent) " 2500 " 2.73 " 9000 " 100.00 Pass
AC thermal cracking (fUmile) " 100000 " 4333 " 9000 " 100.00 Pass
AC top-down fatigue cracking (fUmile) " 200000 " 25802 " 9000 " 100.00 Pass
Permanent deformation - AC only (in.) " 0.25 " 0.32 " 9000 " 6231 Fail
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Predicted Total Rutting (Permanent Deformation)
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Figure 79. Predicted total rutting for WAY-30 test section (1in = 25.4 mm).

Predicted AC Bottom-Up Cracking (Alligator)
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Figure 80. Predicted AC bottom-up cracking for WAY-30 test section.

12.3Summary

The AASHTOWare Pavement ME Design software used in the preceding analysis was
not calibrated for Ohio, instead the national or global calibration factors were used in this
analysis. Material properties, traffic and weather data were those of the actual projects analyzed.

143



The ME software was used to compare the performance of the sections against each other and
not necessarily to verify actual field performance. In this analysis, as presented by the data
above, section 39BN803 (11 in (28 cm) thick pavement) performed poorly compared to the other
thicker sections, but could still be considered a perpetual section according to the program.
When the actual field strain data was analyzed it showed the 11 in (28 cm) section could not be
considered a perpetual pavement section. More importantly, the predicted performance ranking
of the test sections was similar to the results observed in the field.
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13 Asphalt Perpetual Pavement Design: Utilizing Existing
Pavement Systems

Sargand and Edwards (2010) conducted a forensic study on flexible and rigid pavements
in Ohio. Specifically, pavements classified as “Excellent” and “Average” by the Ohio
Department of Transportation (ODOT) were thoroughly investigated. The goal of the research
was to determine what factors made the pavements perform well. Twenty asphalt sections were
chosen for analysis, as listed in Table 87. Ten of these were rated “Excellent”, as listed in Table
88, and were built from materials listed in Table 89. These sections were distributed across
Ohio, as shown in Figure 81, and varied in asphalt and aggregate base thickness, as listed in
Table 88. Pavement cores were drilled out of each site to measure the layer thicknesses and test
the strength properties in the laboratory. FWD tests were performed but no thorough analyses
were conducted on the FWD results. Dynamic Cone Penetrometer (DCP) was used to test the
stiffness of the base and subgrade materials. This project did not include determining whether or
not the asphalt pavements were perpetual. By revisiting some of the same sites, verifying
previous results, and analyzing new results from the forensic study, conclusions could be made
regarding a pavement’s perpetual status. This forensic investigation was very useful in
identifying excellent performing asphalt pavements and collecting valuable data, but much more
in-depth analyses needs to be performed in order to make a better determination on an asphalt
pavement’s performance. In 2012, five of those sites were revisited to perform additional tests,
collect more samples, and verify test results. The following field and laboratory tests were used
to analyze and interpret pavement performance:

Falling Weight Deflectometer (FWD)
Dynamic Cone Penetrometer (DCP)
Portable Seismic Property Analyzer (PSPA)
Indirect Tensile Strength Test (IDT)
Resilient Modulus (E) Test

13.1Pavements selected for further analysis as perpetual pavement

candidates

The five pavements selected for follow-up visits were chosen based on a ranking system
that took into account average daily traffic (ADT) from Class B&C commercial vehicles
(“trucks”™), subgrade modulus (Mg), Falling Weight Deflectometer (FWD), rutting, Indirect
Tensile Strength (ITS), Poisson’s Ratio, and Resilient Modulus. Each site was ranked for each
test/property then averaged at the end to determine the best performing sites based on the
original forensic investigation. Specifically, the IDT test was used to compare previous results to
the present results found after the site selection. Table 90 and Table 91 show the results of the
tests performed in 2010, the ranks of each test and the overall ranking of the sites in Table 92 and
Table 93, respectively.
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Table 87. Flexible pavements selected for forensic investigation (Edwards & Sargand, 2010).

County-Route | Straight Line Length (mi (km) | Direction Age (years) Condition
BUT 129 22 (35) W 14 Average
BUT 129 25 (40) W 14 Average
BUT 129 22 (35) E 14 Excellent
CHP 68 2.5 (4.0) N 14 Average
CHP 68 2(3.2) N 14 Excellent
CLA 41 4 (6.4) N 17 Average
CLA 41 3(4.8) N 17 Excellent

DEL 23 18 (29) S 18 Average
DEL 23 17 (27) S 18 Excellent
GRE 35 21 (34) E 14 Excellent
HAM 126 11 (18) E 18 Excellent
HAM 747 1(1.6) S 27 Average
LAW 7 2(3.2) N 27 Average
LUC 2 22 (35) E 13 Average
LUC 25 10 (16) S 15 Excellent
PIK 32 19 (31) w 17 Average
PIK 32 15 (24) w 18 Excellent
PIK 32 19 (31) E 17 Excellent
ROS 35 1(1.6) wW 16 Excellent
VAN 30 18 (29) E 15 Average
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Table 88. Layer characterization of “Excellent” rated sites (Edwards & Sargand, 2010).

thickness is given in in (cm) followed by ODOT item number, listed in Table 89.

For each layer,

Layers
Site Surface Interm. Base Agg. Base 1 |Agg. Base 2| Subgrade
1 2 3 4 5 6
1.25in 1.75in 10.00 in 4.00in i i
BUT-129-22| (3.18cm) | (4.44cm) (25.40 cm) (10.16 cm)
446 T1 446 T2 302 ATB - -
1.50in 1.751n 6.00 in 4.00in ) i
CHP-68-2N | (3.81cm) [ (4.44 cm) (40.64 cm) | (10.16 cm)
448 T1H 448 T2 301 304 - -
1.25in 1.751in 7.00in 5.00in ) i
CLA-41-3N | (3.18cm) | (4.44 cm) (17.78 cm) | (12.70 cm)
404 402 301 304 - -
1.75in 2.251n 12.00 in 4.00in 6.00 in i
(4.44cm) | (5.72cm) (30.48 cm) | (10.16 cm) |(40.64 cm)
DEL-23-175 |\ q46T1 | 44672 302 ATB 304 i
PG 58-30 | PG 58-30 - - - -
1.501in 1.751in 7.50in 6.00 in ) i
GRE-35-21E | (3.81cm) | (4.44 cm) (19.05cm) | (40.64 cm)
448 T1H 448 T2 301 304 - -
1.50in 1.751in 7.50in 6.00 in 6.00 in 6.00 in
HAM-126-11E| (3.81cm) | (4.44 cm) (19.05cm) | (40.64 cm) [(40.64 cm) [(40.64 cm)
446 T1 446 T2 301 304 310 206
1.25in 1.751in 7.00in 8.00in 6.00 in i
LUC-25-10S [ (3.18cm) | (4.44cm) (17.78 cm) | (20.32cm) |(40.64 cm)
446 T1 446 T2 301 304 310 -
1.25in 1.751in 9.00in 4.00in 6.00 in i
PIK-32-15W | (3.18 cm) [ (4.44 cm) (22.86 cm) | (10.16 cm) |(40.64 cm)
446 T1 446 T2 301 ATB 304 -
1.25in 1.751in 12.00 in 4.00in 4.00in i
PIKE-32-19E | (3.18cm) | (4.44 cm) (30.48 cm) (10.16 cm) |(10.16 cm)
446 T1 446 T2 301 ATB 310 -
1.25in 1.751in 10.00 in 4.00in 8.00in 8.00in
ROS-35-1W | (3.18cm) | (4.44 cm) (25.40 cm) (10.16 cm) |(20.32 cm) [(20.32 cm)
446 T1 446 T2 301 307 NJ 304 206

(1 inch =2.54 cm)
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Table 89. ODOT classifications for AC pavement materials (Edwards & Sargand, 2010).

ODOT Item Number Title
206 Chemically Stabilized Subgrade
301 Asphalt Concrete Base
302 Asphalt Concrete Base
304 Aggregate Base
307 NJ Non-Stabilized Drainage Base
310 Aggregate Sub-Base
ATB Asphalt Treated Base
402 Asphalt Concrete Mixing Plants
404 Asphalt Concrete Mixing Plants
446 T1 Surface Asphalt Concrete
446 T2 Intermediate Asphalt Concrete
448 T1H Surface Asphalt Concrete
448 T2 Intermediate Asphalt Concrete
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Figure 81. Geographical distribution of selected asphalt pavements (Edwards & Sargand, 2010).
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Table 90. Test results from forensic investigation (Edwards & Sargand, 2010), English units.

Location B&C | Mr | FWD | Rutting ITS (TSR %) Poisson's Ratio E (ksi)
ADT | (ksi) | (in/kip) | (in) | Surface | Intermediate | AC Base | 41 °F | 77 °F | 104 °F | 41 °F | 77 °F | 104 °F
BUT 129-22E | 2375 | 349 | 0.25 0.03 88.5 68.2 76.1 0 0.25 | 0.27 | 1416 | 1124 | 536
CHP 68-2N | 1210 | 187 | 0.75 0.09 735 94.2 59.2 0.08 0.4 0.5 | 1210 | 480 | 422
CLA41-3N | 425 | 375 - 0.09 80.1 69.7 78.6 0.03 | 0.25 | 0.28 | 1209 | 830 359
DEL 23-17S | 2460 | 41 0.42 0.06 70.9 69.6 62.6 011 | 0.25 | 0.34 | 2162 | 987 555
GRE 35-21E | 2760 | 115 | 0.94 0.02 89.6 63.8 72.1 0.06 | 0.36 0.5 | 1190 | 676 262
HAM 126-11E | 1750 | 193 | 0.58 0.13 54.6 59.7 81.6 N/A | N/A N/A | N/A | N/A | N/A
LUC 25-10S | 290 | 449 | 0.46 0.06 99.2 96.4 76.9 0.04 | 0.45 0.5 | 1198 | 577 311
PIK 32-15W | 1210 | 151 0.37 0.03 70.5 75.6 77.2 0.02 | 0.25 | 0.44 | 1160 | 544 352
PIK 32-19E | 1120 | 65 0.45 0.09 92.3 775 75.3 N/A N/A | N/A N/A | N/A N/A
ROS 35-1W | 2520 | 75.7 | 0.76 0.08 58.9 50.7 61.9 0.04 | 0.25 0.3 | 1308 | 947 511
Table 91. Test results from forensic investigation (Edwards & Sargand, 2010), metric units.
L ocation B&C | Mr FWD | Rutting ITS (TSR %) Poisson's Ratio E (MPa)
ADT | (MPa) | (mm/kN) | (cm) | Surface | Intermediate | AC Base | 5°C | 25°C | 40°C | 5°C |25°C |40 °C
BUT 129-22E | 2375 | 2406 1.43 0.08 88.5 68.2 76.1 0 0.25 | 0.27 | 9763 | 7750 | 3696
CHP 68-2N | 1210 | 1289 4.28 0.23 735 94.2 59.2 0.08 | 04 0.5 | 8343 | 3309 | 2910
CLA41-3N | 425 | 259 - 0.23 80.1 69.7 78.6 0.03 | 0.25 | 0.28 | 8336 | 5723 | 2475
DEL 23-17S | 2460 | 283 2.40 0.15 70.9 69.6 62.6 0.11 | 0.25 | 0.34 | 14906 | 6805 | 3827
GRE 35-21E | 2760 | 793 5.37 0.05 89.6 63.8 72.1 0.06 | 0.36 | 0.5 | 8205 | 4661 | 1806
HAM 126-11E | 1750 | 1331 3.31 0.33 54.6 59.7 81.6 N/A | N/A N/A | N/A | N/A| NA
LUC 25-10S | 290 | 3096 2.63 0.15 99.2 96.4 76.9 0.04 | 045 | 0.5 | 8260 | 3978 | 2144
PIK 32-15W | 1210 | 1041 2.11 0.08 70.5 75.6 77.2 0.02 | 0.25 | 0.44 | 7998 | 3751 | 2427
PIK 32-19E | 1120 | 448 2.57 0.23 92.3 77.5 75.3 N/A | N/A | N/A N/A | N/A | N/A
ROS 35-1W | 2520 | 522 4.34 0.20 58.9 50.7 61.9 0.04 | 025 | 0.3 | 9018 | 6529 | 3523
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Table 92. Ranking (1-10) of each test for each site in 2010.

_ B&C ITS (TSR %) Poisson's Ratio E
Location Mr | FWD | Rut Avg. Rank
ADT Surface | IM | ACBase | Tiow Trmed Thigh Tiow Tmed Thigh
BUT 129-22E 4 2 1 2 4 7 5 1 1 1 2 1 2 2.42
CHP 68-2N 6 7 7 6 2 10 7 7 6 4 8 4 6.00
CLA 41-3N 9 10 [ #N/A | 7 5 5 2 3 1 2 5 4 5 4.83
DEL 23-17S 3 9 3 4 7 6 8 8 1 4 1 2 1 4.50
GRE 35-21E 1 6 9 1 3 8 7 6 6 6 7 5 8 6.00
HAM 126-11E | 5 3 6 10 10 9 1 #N/A | #N/A | #N/A | #N/A | #N/A | #N/A 6.29
LUC 25-10S 10 1 5 4 1 1 4 4 8 6 6 6 7 4.42
PIK 32-15W 6 5 2 2 8 4 3 2 1 5 8 7 6 4.42
PIK 32-19E 8 8 4 7 2 3 6 #N/A | #N/A | #N/A | #N/A | #N/A | #N/A 5.00
ROS 35-1W 2 7 8 6 9 10 9 4 1 3 3 3 3 5.50
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Table 93. Overall rankings of sites from forensic investigation in 2010.

Rank Location Revisited 2012
1 BUT 129-22E Yes
2 PIK 32-15W Yes
3 LUC 25-10S Yes
4 DEL 23-17S No
5 CLA 41-3N Yes
6 PIK 32-19E No
7 ROS 35-1W No
8 GRE 35-21E Yes
9 CHP 68-2N No
10 HAM 126-11E No

The bold sites within Table 93 were chosen to perform another set of forensic
investigations. These particular sites were chosen to get a good mixture of performance
expectations. The falling weight deflectometer, portable seismic property analyzer, rut depth
measurements, pavement distress survey mapping, and the Indirect Tensile Strength (ITS) would
be performed to confirm that the pavement structure had not changed since the Forensic
Investigation in 2010.

IDT testing was used to compare results from the previous ITS data from the forensic
investigation in 2010 to the ITS results found in this study. If the two tests had similar results,
then the previous data found in the 2010 forensic investigation would be valid and could be used
for this analysis. Wet samples were conditioned by vacuum saturation followed by an extensive
freeze-thaw process, then tested at 25° C (77°F). Dry samples were not conditioned and were
tested at 25° C (77°F). Tensile Strength Ratio (TSR) is the ratio of the wet tensile strength to the
dry tensile strength in percent. A statistical analysis was performed comparing the results of the
ITS form 2010 and 2012. In short, the ITS correlated very well between the two tests. Since there
was a strong correlation between the two tests, further investigation of these sites that were rated
“excellent” can be performed using the data from the Ohio Forensic Investigation of AC
Pavements in 2010 (Sargand and Edwards, 2010).

13.2Site Investigations

The five sites that were selected from the Forensic Investigation in 2010 were revisited
and similar forensic activities were performed on each, including coring, rut depth
measurements, and FWD measurements, but not sub-base and subgrade sampling, since those
materials likely did not change over the course of two years. On the same note, Dynamic Cone
Penetrometer (DCP) testing was not carried out on the five selected sites for the same reason.
However, the Portable Seismic Property Analyzer (PSPA), which measures a material’s ability to
resist change in length due to seismic loading, was included in these site investigations. The site
investigations included the following procedures:

Find and locate sections based on county and mile markings alongside roadway.
Perform cracking survey.

Locate sampling points (typically 10 to 11 locations).

FWD testing performed by ODOT at sample points.
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e Perform PSPA test at sampling point.
e Drill cores at sampling points for visual investigation and further laboratory testing.

The following sites were revisited:

Pike County, State Route 32, Mile Marker 15, Westbound (PIK 32-15W)
Greene County, U.S. 35, Mile Marker 21, Eastbound (GRE 35-21E)

Lucas County, State Route 25, Mile Marker 10, Southbound (LUC 25-10S)
Clark County, State Route 41, Mile Marker 3, Northbound (CLA 41-3N)
Butler County, State Route 129, Mile Marker 22, Eastbound (BUT 129-22E)

The following is a brief description of each site and assessment of its condition at the
time it was revisited.

13.2.1 PIK 32-15W

This section of State Route 32 in Pike County is located in the South Central portion of
Ohio, just west of U.S. 23. The road is known for its deep strength asphalt pavement. The
current pavement structure on State Route 32 was constructed in 1994, making it 18 years old
during the time of testing. A photograph of the site is given in Figure 82. Traffic studies show
that the site was receiving an Average Daily Traffic (ADT) count of 1210 Class B & C vehicles
(“trucks”) per day (Edwards and Sargand, 2010). The pavement appeared to be in decent
condition, showing a few, minor cracks; these minor cracks, such as those shown in Figure 83,
did not show any signs of full depth failure.

Figure 82. General view of PIK 32-15W.
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Figure 83. Cracking on PIK 32-15W.

13.2.2 GRE 35-21E

This section along U.S. 35 in Greene County is in a rural area but still well-traveled by
vehicles. The site is shown in Figure 84. Traffic studies show that the site received an ADT of
2760 Class B & C vehicles per day which was the most of all the sites investigated. The
pavement structure was constructed in 1998, making it 14 years old at the time of the
investigation. The section had been overlaid since 2010; so layer buildups were slightly different
from those recorded in 2010 (Sargand and Edwards, 2010). Even with the recent overlay, small
surface cracks were visible; giving evidence that bottom-up cracking occurred and propagated
through the overlay. An example is shown in Figure 85.
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Figure 84. General view of GRE 35-21E site.

Figure 85. Cracking through recent ovelay on GRE 35-21E.

13.2.3 LUC 25-10S

This section on State Route 25 was located on the outer belt of Toledo, Ohio. This had
also been recently overlaid, shown in Figure 86. The current pavement structure was constructed
in 1997 making it 15 years old during the investigation. Traffic studies show that the pavement
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received only 290 Class B & C vehicles per day, which is the least amount of truck traffic of all
the sites investigated (Edwards and Sargand, 2010). The original forensic study showed this site
to have been almost entirely covered with sealant over the numerous cracks formed. Even after
the new overlay, many cracks were present giving possible evidence of bottom up cracking,
shown in Figure 87.

Figure 86. General view of LUC 25-10S.

Figure 87. Cracking on LUC 25-10S.
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13.2.4 CLA 41-3N

This section of State Route 41 is located in the middle of the small town of South
Charleston, Ohio, near the city of Springfield and located in Clark County in West-Central Ohio.
The site is shown in Figure 88. This pavement structure was constructed in 1995 making it 17
years old during the time of the investigation. Traffic studies show that the pavement received an
ADT of only 425 Class B & C vehicles per day (Edwards and Sargand, 2010). The site was
located right next to a large mill where heavy trucks traveled at low speeds in and out of the mill.
This pavement did not pass the “eyeball” test, for it had many surface distresses. However, later
tests show that considering the heavy truck abuse, the pavement structure was not in terrible
condition and coring showed that bottom up cracking had not occurred. Figure 89 shows some
of the distresses that were found.

<
Figure 88. General view of CLA 41-3N.
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Figure 89. Cracking on CLA 41-3N.

13.2.5 BUT 129-22E

This site on State Route 129 acted as a high-speed bypass in Butler County, near the
Cincinnati, Ohio area. There were very few distresses in the pavement and most cracks had been
sealed. This site, shown in Figure 90, was heavily traveled yet seemed to be the best pavement
structure found in the site investigation. Traffic studies show that the pavement received an ADT
of 2375 Class B & C vehicles per day. The pavement structure was constructed in 1998 making
it 14 years old during the time of the investigation (Edwards and Sargand, 2010). The asphalt
structure was very deep compared to the other sites. Figure 91 shows some of the distresses that
were found.
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Figure 90. General view of BUT 129-22E.
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13.3Coring

In order to perform some of the laboratory experiments, core samples were removed from
the pavements. Also, coring is another way to physically see and measure the various layers in an
asphalt pavement structure. Figure 92 shows the core drill trailer in operation collecting a core,

Figure 93 shows an example of a core sample and the various layers (surface layer starting on the
left).
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13.4Field Testing

This section describes the various field tests performed for this research. Each section
briefly describes the test setup as well as some of the theories involved in the data analysis, and
displays the results of the tests.

13.4.1 Falling Weight Deflectometer (FWD)

The FWD is a non-destructive testing device used to evaluate a pavement’s condition.
The ODOT FWD is a truck-trailer setup, where the operator controls the mechanism on the
trailer from the truck. The trailer consists of a stack of weights which are lifted and dropped on a
circular plate; the plate has a radius of 5.9 in (15 cm). The free-falling weight applies a dynamic
load to the pavement structure which simulates a single heavy wheel load. Three different loads
typically near 6000 Ibs. (27 kN), 9000 Ibs. (40 kN), and 12000 Ibs. (53 kN), are applied at one
location. A series of deflection sensors detect displacements along the pavement based on the
applied loads at various radial distances from the applied load typically 0, 12, 24, 36, 48, and 60
inches (0, 30.5, 61, 91.4, 121.9, 152.4 cm). The data is collected by a system processor inside the
truck then saved to a laptop (Texas Department of Transportation, 2008). Along with loads and
deflections, the software managing the FWD system also records the air temperature.

The Washington State Department of Transportation (2005) has developed some
innovative methods in quantifying the condition of pavement. Their program FWD-AREA
calculates a deflection basin caused by the dynamic load of the FWD. A deflection basins is a
trapezoidal area that develops in the pavement structure due to an applied load. They have also
determined that the Modulus of Subgrade Reaction (MRr) can be calculated using FWD data. The
value of MR is directly correlated to the deflection D24 of the sensor located 24 in (61 cm) from
the center of the load (WSDOT, 2005).

Mg = 9000 * 0.2892/(D24/1000)

Where:
D24 = Measured Deflection from sensor 24 in (61 cm) from the center of the plate (mil)
Mg = Modulus of Subgrade Reaction (psi)

In order to evaluate each layer of the asphalt pavement structure (surface, intermediate,
AC base, aggregate base, and subgrade) using FWD data, back-calculation techniques can be
applied. Back-calculation techniques are based on a mechanistic evaluation of the FWD results.
The basic concept is layer thickness and Poisson’s ratio are known and measured deflection
basins and calculated deflection basins are matched. This is an iterative process applied until the
desired convergence is met. The desired convergence is typically less than 1% and is quantified
by Root Mean Square (RMS), which is calculated as follows:

1 d —d\°
RMS (%) = —*Z( “d "") * 100
ny 121 mi

Where:
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RMS = Root Mean Square error (%)
dci = Calculated deflection

dmi = Measured deflection

ng = Number of deflection sensors

13.4.2 FWD Results

The following tables show the results of the FWD testing. All deflections were
normalized to 9000 pounds (40 kN) and averaged for each deflection sensor, as shown in Table
94. Each sensor has a subscript which represents the distance from the center of the load. Table
95 shows the results of Mr for the subgrade at each site using the procedure described above.

Table 94. Average FWD deflections Normalized to 9000 Ib (40 kN). English units at top, metric units below.
Metric subscripts for D indicate distance from center of load plate in mm.

Site Do | Dz | Dau | Dss | Dss | Deo
mil) | mil) | (mil) | (mil) | mi) [ (mil)
BUT-129-22E 2.21 1.47 1.18 0.98 0.79 0.66
CHP-68-2N 7.08 4.4 3.42 2.68 1.74 0.95
CLA-41-3N 6.43 4.86 3.36 2.22 1.42 0.98
DEL-23-17S 2.5 1.95 1.79 1.65 1.36 0.9
GRE-35-21E 8.05 551 3.63 2.35 1.54 1.1
HAM-126-11E 5.04 1.26 1.11 0.98 0.78 0.5
LUC-25-10S 4.4 2.53 1.6 1.12 0.84 0.69
PIK-32-15W 3.42 2.5 1.89 1.43 1.06 0.81
PIK-32-19E 4.07 2.92 2.66 2.38 1.94 1.19
ROS-35-1W 6.1 4.05 3.26 2.62 1.73 0.78

Do D305 Ds10 Do14 D1219 Dis24
(m) | (um) | (um) | (wm) | (um) [ (um)
BUT-129-22E 56.1 37.3 30.0 24.9 20.1 16.8

CHP-68-2N 179.8 111.8 86.9 68.1 44.2 24.1

CLA-41-3N 163.3 123.4 85.3 56.4 36.1 24.9

DEL-23-17S 63.5 49.5 455 41.9 34.5 22.9

GRE-35-21E 204.5 140.0 92.2 59.7 39.1 27.9
HAM-126-11E 128.0 32.0 28.2 24.9 19.8 12.7

LUC-25-10S 111.8 64.3 40.6 28.4 21.3 17.5

PIK-32-15W 86.9 63.5 48.0 36.3 26.9 20.6

PIK-32-19E 103.4 74.2 67.6 60.5 49.3 30.2

ROS-35-1W 154.9 102.9 82.8 66.5 43.9 19.8

Site
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Table 95. Average modulus of subgrade reaction for each site.
Site Modulus of Subgrade Reaction (Mg)
(ksi) (MPa)

BUT-129-22E 92 634
CHP-68-2N 32 221
CLA-41-3N 32 221
DEL-23-17S 61 421
GRE-35-21E 30 207
HAM-126-11E 98 676
LUC-25-10S 68 469
PIK-32-15W 57 393
PIKE-32-19E 41 283
ROS-35-1W 33 228

13.4.3 Dynamic Cone Penetrometer (DCP)

The Dynamic Cone Penetrometer (DCP) is an in-situ field test used to determine the
stiffness of subsurface (aggregate base and subgrade) materials underneath a pavement structure.
For this research, the automated DCP was used. The automated DCP is mounted on a trailer and
is pulled by a truck. The machine consists of a 5/8 in (1.59 cm) diameter rod that has a cone
screwed into the bottom; the cone has a 60 degree angle from base to tip. The DCP has a 17.6 Ib
(8 kg) weight which is lifted by machine to a height of 22.6 inches (57.4 cm) and dropped in a
free fall manner. The weight drives the rod and cone into the subsurface. Small sensors detect
and record the distance the cone and rod traveled with each drop, known as the Penetration Rate
(PR). (Wu and Sargand, 2007). The following figure displays the described DCP setup.
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Figure 94. Automated DCP in operation.

The PR values measure the overall stiffness of the subsurface layers and can identify
boundaries between layers. Wu and Sargand (2007) proposed the following equation to estimate
the California Bearing Ratio (CBR):

CBR = 435/(PR)*%8

Wu and Sargand (2007) also suggested using the CBR to determine the resilient modulus
MR for subsurface layers. The following equation was suggested to estimate Mg in psi:

Mr = 1500 * CBR

Wu and Sargand (2007) suggest using a mathematical method for interpreting where the

layers are located using DCP data. First, the cumulative area A(x) under the response curve can
be calculated by integrating the response R:
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A(x)= | Rd
@ = | Rax
The average response Ra is calculated by:

1 a
R, = —f Rdx
aly
The cumulative average area Aa(x) is found using:

Aa(x) =R,*x
The difference between the cumulative area and the average cumulative area (Z(x)) can be
represented by:

Z(x) = A(x) = A,(%)

Where:
PR = Penetration Rate (in/blow)
CBR = California Bearing Ratio
A(x) = Cumulative Area
R = Response
x = Distance
Ra = Average Response
a = Maximum Depth Reached

The layers can be interoperated by the change in sign of the Z(x) function. Therefore,
when Z(x) changes from positive to negative or vice versa along the vertical distance of the
study, a change in layer material has occurred. Knowing the locations of the layers can assist in
producing average Mr values for each layer of the subsurface. The results of the DCP field tests
are shown in Table 96.

Table 96. Summary of resilient moduli obtained from DCP data analysis.

Site Aggregate Base Mr Subgrade MR
(ksi) (MPa) (ksi) (MPa)
BUT-129-22E N/A - 65 448
CHP-68-2N 90 621 66 455
CLA-41-3N 48 331 17 117
DEL-23-17S 53 365 20 138
GRE-35-21E 86 593 49 338
HAM-126-11E 71 490 37 255
LUC-25-10S 19 131 N/A N/A
PIK-32-15W 128 883 89 614
PIKE-32-19E 57 393 25 172
ROS-35-1W 59 407 27 186
13.4.4 Portable Seismic Property Analyzer (PSPA)

The Portable Seismic Property Analyzer (PSPA) test is an in-situ, non-destructive test
easily operated in the field. This device consists of a source, two receivers, data acquisition
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system, and a laptop connected to the PSPA by a USB cable. The PSPA measures sonic,
ultrasonic, and resonant waves. It is capable of testing concrete pavement, asphalt pavement,
base, and subgrade materials. Figure 95 displays the PSPA equipment.

Figure 95. PSPA equipment (Geomedia Research & Development, 2007).

The source taps the ground surface creating vibrations. These vibrations create waves
which travel away from the source through the pavement layer. The PSPA picks up vibrations in
the form of P-waves, S-waves, and R-waves. The signal recorded and stored by the data
acquisition system. Figure 96 shows the PSPA in operation.
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Fir6 Fiori of the PSPA on aspalt pavemnt.

13.4.4.1 Seismic Modulus

The seismic modulus is a quantitative measurement of a material’s ability to resist change
in length. Larger values of seismic modulus indicate stiffer materials. It is calculated by time
records of the near and far receivers. The difference in time of the S-wave arrival between the
two receivers is measured, along with a known distance between the receivers. These
measurements make it possible to calculate the seismic modulus (E).

E=cV?= c(f)z

Where:
E = Seismic modulus
¢ = Material constant
V = Wave speed
x = Distance between receivers
t = Time difference between arrivals of S-Waves

Seismic modulus and resilient modulus are two different material properties that
characterize strength. However, researchers have investigated relationships between the two.
Williams and Nazarian (2007) conducted resilient modulus and seismic modulus tests on 30
different specimens. The results showed the seismic modulus was roughly two times the amount
of the resilient modulus. They had tested this for different kinds of pavement materials such as
aggregate, subgrade, and asphalt. The relationship found (resilient modulus versus seismic
modulus) was independent to material type.
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PSPA test was performed at various locations along the sites. The test was performed at
each location until there were three values of the seismic modulus moderately close to each
other; those values were then averaged. Table 97 shows the seismic modulus results of the
PSPA tests.

Table 97. PSPA seismic modulus test results.

: AC seismic modulus
Site -
(ksi) (MPa)
BUT-129-22E 2466 17002
CLA-41-3N 1162 8012
GRE-35-21E 748 5157
LUC-25-10S 1337 9218
PIK-32-15W 1936 13348
13.5Laboratory Testing
13.5.1 Indirect Tensile Strength (ITS)

The ITS test is a destructive test which examines a pavement material’s ability to resist
indirect loading. For this research, testing was conducted in accordance to AASHTO 283
“Resistance of Compacted Asphalt Mixtures to Moisture-Induced Damage” (2007). Indirect
loads are applied at a constant rate to cylindrical asphalt specimens. The maximum load the
specimen receives is recorded and used to calculate ITS. Two characteristics of the ITS test are
desired; the Tensile Strength (St) and the Tensile Strength Ratio (TSR). The following equations
are used to calculate those two characteristics:

St = 2P/(ntD)
TSR = S2/Sy

Where:
St = Tensile Strength (psi)
P = Maximum Load Recorded (Ib)
t = Thickness of Specimen (in)
D = Diameter of Specimen (in)
TSR = Tensile Strength Ratio
S1 = Average Tensile Strength of Dry Specimens (psi)
Sz = Average Tensile Strength of Conditioned Specimens (psi)

The results of the ITS test can be seen in Table 98 and Table 99. Both wet and dry tests are
recorded; TSR values are also calculated.
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Table 98. ITS test results-English units.

Surface Intermediate Base

Site Wet Dry TSR Wet Dry | TSR Wet Dry TSR
(psi) | (psi) | (%) | (psi) | (psi) | (%) | (psi) | (psi) | (%)

BUT-129-22E 119 161 74% 77 162 | 48% 139 224 62%

CHP-68-2N 85 116 73% 57 60 95% 38 64 59%

CLA-41-3N 69 163 42% 112 192 | 58% 104 155 67%

DEL-23-17S 105 149 70% 99 142 | 70% 82 131 63%

GRE-35-21E 92 123 75% 76 127 | 60% 126 131 96%

HAM-126-11E 85 155 55% 79 133 | 59% 98 120 82%

LUC-25-10S 124 153 81% 89 131 | 68% 100 131 76%

PIK-32-15W 197 251 78% 148 241 | 61% 124 166 75%

PIKE-32-19E 141 153 92% 137 177 | 77% 90 120 75%

ROS-35-1W 98 167 59% 78 153 | 51% 71 115 62%

Table 99. ITS test results-metric units.

Surface Intermediate Base

Site Wet Dry TSR Wet Dry TSR Wet Dry TSR
(kPa) | (kPa) (%) (kPa) | (kPa) (%) | (kPa) | (kPa) (%)

BUT-129-22E | 820 1110 | 74% 531 1117 48% 958 | 1544 | 62%

CHP-68-2N 586 800 73% 393 414 95% 262 441 59%

CLA-41-3N 476 1124 | 42% 772 1324 58% 717 | 1069 | 67%

DEL-23-17S 724 1027 | 70% 683 979 70% 565 903 63%

GRE-35-21E 634 848 75% 524 876 60% 869 903 96%

HAM-126-11E | 586 1069 | 55% 545 917 59% 676 827 82%

LUC-25-10S 855 1055 | 81% 614 903 68% 689 903 76%

PIK-32-15W 1358 | 1731 | 78% | 1020 | 1662 61% 855 | 1145 | 75%

PIKE-32-19E 972 1055 | 92% 945 1220 771% 621 827 75%

ROS-35-1W 676 1151 | 59% 538 1055 | 51% | 490 793 62%

13.5.2 Laboratory Resilient Modulus Testing

For this study, the lab-based resilient modulus test was not performed. However, the data
from Edwards and Sargand (2010) was found to be useful in this study; therefore the resilient
modulus data were used for analysis.

Only the base layers were tested for resilient modulus since the surface and intermediate
layers were not thick enough to test. The test is fairly simple; a direct load is applied to a known
area. The load and strain are measured; stress and strain curves are plotted for each specimen.
The resilient modulus is calculated by simply dividing the applied stress by the strain. This is a
non-destructive test that is performed at three different temperatures: 41° F (5°C), 77° F (25°C),
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and 104° F (40°C). Table 100 and Table 101 show the results of the resilient modulus test of the

AC base layers in English units and metric units, respectively.

Table 100. AC base layer resilient modulus test results-English units.

Resilient Modulus (ksi)

Site
41° F 77° F 104° F
BUT-129-22E 1416 1124 536
CHP-68-2N 1210 480 422
CLA-41-3N 1209 830 359
DEL-23-17S 2162 087 555
GRE-35-21E 1190 676 262
HAM-126-11E N/A N/A N/A
LUC-25-10S 1198 577 311
PIK-32-15W 1160 544 352
PIKE-32-19E N/A N/A N/A
ROS-35-1W 1308 947 511
Table 101. AC base layer resilient modulus test results-metric units.
Site Resilient Modulus (kPa)
5°C 25°C 40 °C
BUT-129-22E 9763 7750 3696
CHP-68-2N 8343 3309 2910
CLA-41-3N 8336 5723 2475
DEL-23-17S 14906 6805 3827
GRE-35-21E 8205 4661 1806
HAM-126-11E N/A N/A N/A
LUC-25-10S 8260 3978 2144
PIK-32-15W 7998 3751 2427
PIKE-32-19E N/A N/A N/A
ROS-35-1W 9018 6529 3523
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13.6Modeling Asphalt Pavement Response

Evercalc 5.0, developed by the Washington State Department of Transportation (2005),
uses FWD deflection measurements to back-calculate the elastic modulus of each specified layer
in an asphalt pavement system, using the iterative process shown in Figure 97. After finding the
layer moduli, stresses and strains can be determined at various locations in the pavement system.
For this study, the tensile strain at the bottom of the AC base layer, the critical response for a
perpetual pavement, was the main focus.

FWD FWD Load Sensor Spacing Seed Moduli Layer
Deflections Thickness

Y
WESLEA

'

Compute Theoretical
Deflections

'

p | Compare Measured to
Theoretical Deflections

Change Moduli

¢ Yes

Final Moduli

Figure 97. Simplified flowchart for Evercalc (WSDOT, 2005).

As shown in the flowchart, Evercalc uses the Waterways Engineering Station Layer
Elastic Analysis (WESLEA), a layer elastic solution, to calculate theoretical deflections and a
“modified augmented Gauss-Newton algorithm” for optimization (WSDOT, 2005). The
following assumptions are made to simplify solutions:

There is infinite horizontal length in the pavement

Uniform thickness in layers

The bottom layer (subgrade) is semi-infinite

All layers are homogenous, isotropic, linear elastic, materials that can be
distinguished by an elastic modulus and Poisson’s Ratio (assumed to be 0.35 for all
layers in this study).
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By use of an inverse solution, the elastic modulus of each layer is determined based on
FWD deflections. Evercalc has the ability to evaluate up to 10 deflection sensors as well as up to
5 layers in an AC pavement system. A seed modulus is entered into the program along with an
upper and lower boundary for modulus in each layer. Qin (2010) suggests using the limits shown
in Table 102 for an asphalt pavement structure.

Table 102. Typical ranges for elastic modulus (Qin, 2010).

. Thickness Poisson's Modulus Range
Layer Type | Material Type (in) (cm) Ratio (ksi) (MPa)
Surface Asphalt 1.5 3.8 0.35 200 2500 1380 - 17200
Intermediate Asphalt 1.75 4.4 0.35 200 2500 1381 - 17200
AC Base Asphalt 13 33.0 0.35 200 2500 1382 - 17200
Sub-Base Aggregate 6 15.2 0.35 10 100 70 - 690
Subgrade Soil - - 0.4 3 30 21 - 207

The program iterates the layer moduli to match theoretical and measured deflections until
final moduli are found. The final moduli are determined when the RMS reaches its desired
amount (1%) or the lowest possible value is determined. Once the final moduli are found,
stresses and strains at various locations in the pavement structure are computed by the program
using a finite element algorithm. Table 103 shows the results of the Evercalc back-calculations
for each site when subjected to a 9000 Ib (40 kN) normalized load.
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Table 103. Evercalc 5.0 results.

. Esurface Eintermediate Eac-base Eagg-base Esubgrade
Site - - - - - enc™ (ue)
(kst) (MPa) (ksi) (MPa) (ksi) (MPa) (kst) (MPa) (ksi) (MPa)

BUT-129-22E 3267 22525 2263 15603 1537 10597 1144 7888 65 448 7
CHP-68-2N 404 2785 353 2434 274 1889 o1 352 36 248 105
CLA-41-3N 273 1882 402 2772 610 4206 48 331 17 117 69
DEL-23-17S 4374 30158 1641 11314 628 4330 411 2834 44 303 16
GRE-35-21E 373 2572 260 1793 222 1531 41 283 49 338 107
HAM-126-11E | 3127 21560 1986 13693 407 2806 81 558 76 524 37
LUC-25-10S 1938 13362 566 3902 504 3475 71 490 66 455 57
PIK-32-15W 2974 20505 1652 11390 733 5054 56 386 55 379 39
PIKE-32-19E 3241 22346 911 6281 683 4709 51 352 62 427 36
ROS-35-1W 225 1551 331 2282 326 2248 59 407 27 186 77

*eac = Estimated strain at the bottom of the AC base layer using back-calculated moduli
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13.70ther FWD Techniques for Estimating Pavement Response

13.7.1 Liao Model

Liao (2007) developed a model used to evaluate the strain in the fatigue resisting layer. He
based the model on actual strain measurements from strain gauges installed at the AC base layer
in U.S. 30 perpetual pavement. The factors used in the model consisted of pavement temperature,
modulus of subgrade reaction, thickness of the fatigue resisting layer, and the thickness of the
aggregate base layer. The pavement temperature (Tpav) iS based on the study performed by
Figueroa (2004) where pavement temperatures were studied all over Ohio. The temperatures are
based on what region of Ohio the pavement is in. The following equation governs the
relationship of pavement temperature to air temperature. The constants for the equation for
various locations and regions in the state are provided in Table 104 .

Tpav =Cy1+ CoTair + C3Tair2
Where:
Cy, Co, C3 = Regression Constants
Tpav = Average Pavement Temperature (°C)
Tair = Air Temperature (°C)

Table 104. Average AC temperature vs. air temperature coefficients (Figueroa, 2004).

Location No. Points C1 C Cs R?
North 75414 4.1409 0.9423 0.0027 0.8640
Central 118290 48118 0.8860 0.0052 0.8418
South 61152 5.2834 0.9113 0.0055 0.8431
All Sites 254856 4.7055 0.9107 0.0045 0.8475
Ohio Test Road 24133 5.0952 0.8889 0.0114 0.9117

Liao’s model uses load multipliers to convert loads and deflections to 9000 pounds (40
kN). This is similar to what was executed in the Evercalc results. Liao (2007) analyzed 81
different cases to develop the model and used the field data to calibrate the model. The equation
below was used by Liao (2007) to estimate the horizontal strain at the bottom of the AC base
layer.

e11 = 38.5924 — 2.6625H5c + 0.3925 Tpav + 3.3406 D1

Where:
e11 = Tensile strain at the bottom of the AC base layer (ue) under a 9000 Ib (40 kN) load
Hac = Thickness of AC base layer (in)
Tpav = Temperature at mid-depth of AC base layer (°C)
D1 = FWD deflection at center of load (mil)

Table 105 shows the results of the FWD data using Liao’s approach. The deflection data are
those used in the Evercalc analysis.
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Table 105. FWD results using Liao model.

Site €11 (ue)
BUT 129-22E 33
CHP 68-3N 57
CLA 41-3N 49
DEL 23-17S 25
GRE 35-21E S/
HAM 126-11E 49
LUC 25-10S 45
PIK 32-15W 36
PIK 32-19E 30
ROS 35-1W 46
13.7.2 N.C. State University FWD Model

Kim and Park (2002) developed a model using FWD data to predict tensile strain in the
FRL. Deflection basin parameters were used to evaluate AC pavement performance.
Specifically, the Base Damage Index (BDI) and the Area Under Pavement Profile (AUPP) were
found to have a very strong correlation to tensile strain in the AC base layer. The following
equations are used to calculate these deflection basin parameters.

BDI = D12 — D24
AUPP = (5D¢ — 2D12 — 2D24 — D3s)/2

Where:
Do = FWD deflection measured at location of applied load (mil)
D12 = FWD deflection measured 12 in (305 mm) from location of applied load (mil)
D24 = FWD deflection measured 24 in (610 mm) from location of applied load (mil)
D3s = FWD deflection measured 36 in (914 mm) from location of applied load (mil)

Kim and Park (2002) used a statistical regression method to relate horizontal strain at the
bottom of the AC base layer (eac) to BDI and AUPP parameters; eac is based on the 9000 Ib (40
kN) load used in the Evercalc analysis and Liao’s model. Kim and Park (2002) developed their
models for full depth asphalt and asphalt pavements with aggregate bases. For this study, the
models designed for aggregate bases were used. Factors for Kim and Park’s (2002) model
consisted of BDI, thickness of the asphalt (Hac), and AUPP. The equations below were used to
predict tensile strain at the bottom of the AC base layer (¢ac) for aggregate base pavements.

log(eac) = 1.082 log(BDI) + 0.259l0g(Hac) +1.409
log(eac) = 1.034 log(AUPP) + 0.932

Where:
€ac = strain at the bottom of the AC base layer when subjected to a 9000 Ib load (pe)
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BDI = Base Damage Index
Hac = total thickness of asphalt layer
AUPP = Area Under Pavement Profile

Table 106 displays the results of the FWD model, showing the strain at the bottom of the AC
base layer eac by use of the BDI and AUPP deflection basin indexes.

Table 106. Kim and Park FWD model results.

Site BDI AUPP

€ac (1€) €ac (1€)
BUT-129-22E 13 21
CHP-68-2N 82 90
CLA-41-3N 70 62
DEL-23-17S 15 17
GRE-35-21E 91 91
HAM-126-11E 50 53
LUC-25-10S 41 57
PIK-32-15W 32 33
PIK-32-19E 28 35
ROS-35-1W 73 71

Table 107 shows the overall averaged results of strain at the bottom of the AC base layer
for each site at a 9000 Ib (40 kN) FWD load for the various methods.

Table 107. Average tensile strain at the bottom of the AC base layer from 9000 Ib (40 kN) load.

- €ac (|L€)
Site BDI AUPP Liao Evercalc
BUT-129-22E 13 21 19 7
CHP-68-2N 82 90 57 105
CLA-41-3N 70 62 52 69
DEL-23-17S 15 17 15 16
GRE-35-21E 91 91 59 107
HAM-126-11E 50 53 34 37
LUC-25-10S 41 57 45 57
PIK-32-15W 32 33 37 39
PIK-32-19E 28 35 30 36
ROS-35-1W 73 71 42 77

Back-calculation can be a difficult and time-consuming process. A quick, forward
calculation method to estimate the strain at the bottom of the AC base layer is desirable. In
general, the forward calculation results were lower (less conservative) than the Evercalc results.
However, relationships between the forward and backward calculation methods were formed to
give pavement designers an easy method to estimate back-calculated strain results using forward
calculated equations. These models were graphically compared to the results found using the
Evercalc, back-calculation method in the following figures. The strain results of the models
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(BDI, AUPP, and Liao) were plotted on the X-axis while the Evercalc strain results were plotted
on the Y-axis. Trend lines were formed so relationships between the models and back-calculated

results could be determined, as shown in the following three figures.
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Figure 110. Evercalc vs. BDI strain results.
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Figure 111. Evercalc vs. AUPP strain results.
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Figure 112. Evercalc vs. Liao strain results.

The plots show there is an excellent relationship between the various models used and the
back-calculated strain results; all of the R? values were above 0.9. Based on this evaluation, the
strain at the bottom of the AC base layer based on a 9000 Ib (40 kN) FWD load can be estimated
using any of the models along with the relationships between the model and the back-calculated
values. Kim and Parks AUPP model would be the easiest and most accurate since it has a linear
relationship with the Evercalc results. In the region near the perpetual pavement strain criterion
€ = 30-90 pe, the Evercalc value can be estimated by taking the Kim and Parks AUPP model
value and adding 10 pe.
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13.8Finite Element Modeling of Asphalt Pavement

Abaqus 6.9 (2009) was used to further evaluate the tensile strain in the AC base layer.
Abaqus is a comprehensive finite element software package capable of evaluating nearly any
simulations of various materials and parts. The evaluations include detailed information about
stress, strain, and displacement nearly anywhere on a given part when subjected to a loading
sequence. Parts are defined by their geometry and are portioned appropriately where there are
interfaces. Material properties are defined; material behavior (linear elastic, viscoelastic ...),
Young’s Modulus, and Poisson’s Ratio are defined for all pieces of the part. Meshing of the part
is applied to the geometry; this creates locations for loads to be placed and results to be analyzed.
Loads are then defined and placed at desired locations. Various loading simulations can be
executed and the results are displayed at desired nodes on the part.

Confirming the back-calculated strain results from the Evercalc program would be valid
if similar results could be achieved using a finite element analysis. The FWD loading is circular,
whereas a truck tire load area is square. The modulus values found from the Evercalc program
were used to define the various layers in the pavement structure in the finite element analysis. A
12 ft by 12 ft (3.66 m by 3.66 m) pavement section was created in the “parts” tab of Abaqus. The
layer thickness was entered; each site had unique thicknesses. The subgrade layer was assumed
to have an infinite thickness for analysis purpose. A mesh was created; medium sized meshing
was applied to the top three layers while large meshing was applied to the bottom two layers.
Figure 98 shows the geometry of the pavement section and the mesh applied.

Figure 98. Pavement section mesh.

There were two different tire loadings applied to the pavement. The first tire orientation
was a super-single tire that was applied to the center of the pavement; the tire occupied a 9 in by
9in (22.9 cm by 22.9 cm) area. The other tire orientation was a dual tire setup where both tires
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occupied a 9 in by 3 in (22.9 cm by 7.6 cm) area with 3 in (7.6 cm) spacing. Both of the tire
orientations were loaded with 9000 Ib (40 kN) which was similar to the FWD test. Figure 99
shows a typical pavement section with the tire load.

Figure 99. Pavement section with tire load.

The loading simulation was run with a 9000 Ib (40 kN) traffic load on all of the pavement
sections. Many node responses of stresses, strains, and displacements could have been analyzed.
For this study, the X-Z strain (tensile strain) at the bottom of the AC base layer was used for
analysis. Figure 100 shows a snapshot of the pavement response to the loading.

CDB: CHP_62_2W.0d0  ADSqus/Scandand6.12-3 Vied Fen 20 13;09;:40 Basca:n Seadaed Tirie 2023

Figure 100. Computed pvement response to load.
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The results of the finite element analysis are shown in Table 108 where eac is the strain at
the bottom of the AC base layer when subjected to a 9000 Ib (40 kN) tire load. The results of the
Evercalc, back-calculation analysis are also shown in Table 108 for comparison.

Table 108. Finite element model results.

. Evercalc - - Abaqus -
Site Single Tire Dual Tires
eac ([Le) eac (Le) eac (LE)
BUT-129-22E 7 7 7
CHP-68-2N 105 101 91
CLA-41-3N 69 62 58
DEL-23-17S 16 11 10
GRE-35-21E 107 110 93
HAM-126-11E 37 45 38
LUC-25-10S 57 51 49
PIK-32-15W 39 32 27
PIK-32-19E 36 28 25
ROS-35-1W 77 75 61

The Abaqus results of the tensile strain at the bottom of the AC base layer were
extremely close to the results found using the back-calculation technique for the single tire; the
difference in strain was no more than 8 pe among all the sites. The dual tire load showed the
tensile strain measuring slightly less than that of the single tire load due to the load being
distributed over a larger area. The single tire setup was used to compare the strain when DCP
modulus values were used in the analysis.

For more confirmation on the back-calculation technique, the modulus of the subgrade
found using the DCP was entered into Abaqus. The strain at the bottom of the AC base layer
using subgrade modulus values from back-calculation and DCP were compared under a single
tire load; the comparison is displayed in the Table 1009.

Table 109. Finite element model results using DCP subgrade modulus.

Abaqus Evercalc
Site DCP Subgrade Modulus
eac (pe) eac (ue)
BUT-129-22E 7 7
CHP-68-2N 95 105
CLA-41-3N 66 69
DEL-23-17S 11 16
GRE-35-21E 109 107
HAM-126-11E 45 37
LUC-25-10S 51 57
PIK-32-15W 31 39
PIK-32-19E 29 36
ROS-35-1W 76 77
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The results show the difference in the back-calculation and DCP subgrade modulus had
little effect on the strain at the bottom of the AC base layer. These findings confirm the results
found using the back-calculation techniques are valid and can be used for further analysis.

13.9AC Pavement Testing Relationships

For this analysis, a conservative value of 70 pe was used to define whether an AC
pavement system was perpetual. Since the tensile strain at the bottom of the AC base layer (eac)
was based on only a 9000 Ib (40 kN) tire load, a conservative value for the fatigue endurance
limit had to be used since it would be realistic for a pavement to see loads higher than 9000 Ib
(40 kN) in a lifetime. Therefore, pavement systems with an estimated tensile strain at the bottom
of the AC base layer less than 70 pe can be considered perpetual if it is based on a 9000 1b (40
kN) FWD load.

DCP results show similar values of aggregate base and subgrade modulus to the FWD
data. Table 110 and Table 111 compare moduli computed using the DCP and FWD data for the
aggregate base modulus and the subgrade modulus, respectively.

Table 110. Comparison of DCP vs. FWD based modulus of aggregate base.

Modulus of Aggregate Base
Site DCP FWD
(ksi) (MPa) (ksi) (MPa)
BUT-129-22E N/A N/A N/A N/A
CHP-68-2N 90 621 51 352
CLA-41-3N 48 331 48 331
DEL-23-17S 53 365 N/A N/A
GRE-35-21E 86 593 41 283
HAM-126-11E 71 490 81 558
LUC-25-10S 19 131 71 490
PIK-32-15W 128 883 56 386
PIK-32-19E 57 393 51 352
ROS-35-1W 59 407 59 407

Table 111. Comparison of DCP vs. FWD based modulus of subgrade.

Modulus of Subgrade
Site DCP FWD
(ksi) (MPa) (ksi) (MPa)
BUT-129-22E 65 448 65 448
CHP-68-2N 66 455 36 248
CLA-41-3N 17 117 17 117
DEL-23-17S 20 138 44 303
GRE-35-21E 49 338 49 338
HAM-126-11E 37 255 76 524
LUC-25-10S N/A N/A 66 455
PIK-32-15W 89 614 55 379
PIK-32-19E 25 172 62 427
ROS-35-1W 27 186 27 186
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The results show some of the DCP moduli were very similar to the FWD moduli. The
subgrade was definitely the most consistent between the two tests. The aggregate base can
sometimes be difficult to examine due to the inconsistency of the material. Also, some of the
sites had ATB and could not be tested with DCP.

The results of the SPA testing were compared to the calculated strain at the bottom of the
AC base layer. Also, the seismic modulus was compared to the resilient modulus found from
FWD back-calculation of the asphalt pavement. The layer moduli were averaged using a
weighted average, which is based on the layer modulus and the thickness. The resilient modulus
was multiplied by two, and then compared to the seismic modulus to see if Williams and
Nazarian’s (2007) correlation can be used. Figure 101 shows the relationship between the
seismic modulus and tensile strain at the bottom of the AC base layer and Table 112 shows the
resilient modulus and seismic modulus comparison.
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Figure 101. AC seismic modulus vs. strain at the bottom of the AC base layer.

Table 112. Comparison of seismic modulus and resilient modulus.

Site _ 2 X Eac AC_ Seismic Modulus % Difference
(ksi) (MPa) (ksi) (MPa)
BUT-129-22E 2740 18892 2466 17002 11%
CLA-41-3N 1064 7336 1162 8012 9%
GRE-35-21E 688 4744 748 5157 8%
LUC-25-10S 1392 9597 1337 9218 4%
PIK-32-15W 2196 15141 1936 13348 13%
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The results show a very strong correlation exists between seismic modulus and pavement
performance. They suggest a pavement’s performance can be analyzed by using the portable
seismic property analyzer. The comparison between the resilient modulus found through back-
calculation and the seismic modulus agree very well with Williams and Nazarian’s (2007)
research; the highest percent difference was 13%, while the average percent difference was 9%.
These are exciting results, considering that the SPA is one of the easiest, least time-consuming
field tests that can be performed. Also, the results suggest that resilient modulus of the AC
pavement can be quickly estimated in the field using SPA.

The results of the IDT testing were compared to IDT testing from WAY-30 perpetual
pavement. Kim et al. (2010) conducted various laboratory tests on asphalt samples that were
designed for perpetual pavement. These asphalt layers, especially the fatigue resisting layer
(FRL), had more asphalt content than the traditional AC base layer. Also, the binder used in the
WAY-30 design included polymer treatment which usually adds to the strength of the pavement
(PG 64-22), whereas the older pavements in this research were constructed before PG grading
was popular. If the results of the IDT tests from WAY-30 fatigue resisting layer (FRL) are
similar to the results of IDT tests found from the older pavements, then the quality of the older
pavements have maintained their structural integrity. Table 113 shows the results of the IDT
tests of the AC base layer for this research and Table 114 shows the IDT test results of the
WAY-30 FRL.

Table 113. ITS of AC base layers.

. ITS Average

Site (psi) (MPa)
BUT-129-22E 224 1.54
CHP-68-2N 064 0.44
CLA-41-3N 155 1.07
DEL-23-17S 131 0.90
GRE-35-21E 131 0.90
HAM-126-11E 120 0.83
LUC-25-10S 131 0.90
PIK-32-15W 166 1.14
PIKE-32-19E 120 0.83
ROS-35-1W 115 0.79
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Table 114. ITS of WAY-30 FRL (Kim et al., 2010).

Indirect Tensile
Date AV Strength (ITS) ITS Average

(%) (psi) (MPa) (psi) (MPa)
2.68 193.6 1.335

7/13/2005 3.29 196.1 1.352 200.1 1.380
2.84 210.7 1.453
3.57 178.5 1.231

8/10/2005 3.77 237.1 1.635 209.7 1.446
3.05 213.6 1.473
3.30 201.9 1.392

8/15/2005 3.61 180.0 1.241 185.8 1.282
3.73 175.6 1.211
3.15 161.5 1.114

8/21/2005 4.10 155.6 1.073 156.8 1.081
3.20 153.3 1.057
3.07 133.2 0.919

9/11/2005 2.79 146.3 1.009 140.3 0.968
3.28 141.5 0.976
3.11 124.5 0.859

9/15/2005 3.36 135.8 0.937 135.5 0.935
2.50 146.3 1.009
3.95 124.7 0.860

9/22/2005 3.66 134.4 0.927 146.8 1.013
3.25 181.4 1.251
3.44 159.1 1.097

10/6/2005 3.59 151.2 1.043 152.1 1.049
3.62 145.9 1.006
2.98 197.0 1.359

10/13/2005 3.36 147.8 1.019 173.3 1.195
3.50 175.0 1.207
3.50 191.0 1.317

10/18/2005 3.66 155.2 1.070 164.0 1.131
3.47 145.9 1.006

The results from WAY-30 show ITS that range from 210 psi (1448 kPa) to 136 psi (938
kPa), average 166.5 psi (1148 kPa), where the results from the Forensic Investigation show ITS
ranging from 224 psi (1544 kPa) to 64 psi (441 kPa). These results show some of the sites had
ITS strengths as good if not better than the average strength of a rich AC base layer used in
WAY-30. The sites that were below average typically did not show a low strain at the bottom of
the AC base layer.

The ITS tests were compared to the calculated strain at the bottom of the AC base layer.
Also, the ITS strength for the AC base layer was compared to the modulus found using FWD.
For simplicity, only the dry specimens were analyzed and compared. Figure 102, Figure 103,
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and Figure 104 show results of the ITS analysis for the surface layer, intermediate layer, and the
base layer, respectively.
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Figure 102. Surface layer ITS vs. strain at the bottom of the AC base layer.

The surface layer ITS results show that there is a slight correlation to the surface layer
ITS strength and pavement performance. It is difficult to test ITS strength for surface layers
because the layers are often very thin, so they are difficult to accurately test using ITS.
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Figure 103. Intermediate layer ITS vs. strain at the bottom of the AC base layer.
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Like the surface layer ITS test, the intermediate layer is often thin and difficult to
accurately test. The figure shows a weak linear relationship between intermediate layer ITS and
pavement performance. The results suggest that the intermediate ITS strength may not be the
best option in determining whether an AC pavement is perpetual.
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Figure 104. AC base layer ITS vs. strain at the bottom of the AC base layer.

The results show a slight linear relationship between the AC base layer ITS and pavement
performance. Since the AC base layer is often the thickest layer of the asphalt structure, it is the
easiest to test for ITS. The results show that testing the ITS of the surface layer and AC base
layer may show that a pavement structure is perpetual but it probably is not the best option.

Table 115 compares the ITS strength of the AC base layer to the modulus of AC base
layer found through back-calculation techniques, which is graphed in Figure 105.

Table 115. Comparison of the ITS and FWD modulus of the AC base layer.

Site _ ITS _ FWD modulus

(psi) (MPa) (psi) (MPa)

BUT-129-22E 224 1.54 1537000 10597
CHP-68-2N 64 0.44 274000 1889
CLA-41-3N 155 1.07 610000 4206
DEL-23-17S 131 0.90 628000 4330
GRE-35-21E 131 0.90 222000 1531
HAM-126-11E 120 0.83 407000 2806
LUC-25-10S 131 0.90 504000 3475
PIK-32-15W 166 1.14 733000 5054
PIK-32-19E 120 0.83 683000 4709
ROS-35-1W 115 0.79 326000 2248
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Figure 105. AC base ITS vs. strain at the bottom of the AC base layer.

The results show the ITS strength can be roughly determined through FWD back-
calculation techniques. The ITS values found in the AC base layer were common among typical
asphalt specimens that were mixed with higher percent asphalt binder. These values, in general,
make a good argument that these older asphalt concrete pavements have maintained the same
quality of strength as new asphalt concrete pavements or those with higher asphalt content.

All the laboratory resilient modulus testing of the AC base layers was completed in the
2010 Forensic Study. As stated before, the surface and intermediate layers were too thin to test
for the resilient modulus, therefore only the AC base layers were tested. Figure 106 compares
the laboratory resilient modulus of the AC base layer to the strain in the AC base layer. The
results were analyzed at the same temperature as the FWD results for each site.
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Figure 106. AC base laboratory resilient modulus vs. strain at the bottom of the AC base layer.

The results show there is a strong correlation between the laboratory resilient modulus
test of the AC base layer modulus and pavement performance. The laboratory resilient modulus
test is often difficult and time consuming to perform; if FWD testing can produce similar results
to the laboratory test, analysis of a pavement structure would be quicker and easier to
accomplish.

The AC base layer modulus found in the laboratory was compared to the AC base layer
modulus found using the Evercalc program. Table 116 shows the results of the comparison. It
should be noted that the modulus found using the Evercalc program was at different temperatures
from the moduli found in the lab; to be consistent, the lab resilient modulus results were linearly
interpolated at the same temperature recorded during the FWD analysis. The results were similar
for some sites; 56% difference was the largest calculated between the two tests while an average
of 36% difference was found among all the sites. These findings show back calculation of the
FWD data can roughly predict the same results as the laboratory resilient modulus test on AC
base pavement except the results can be determined much easier and faster using the FWD.
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Table 116. AC base layer modulus comparison (Lab vs. FWD).

Laboratory
Wb Resilient Modulus at Test T t
Site meTiant esiien odulus at lest | emperature Interpolated E %
Temperature Mejéljfﬂs 5°C (41°F) 25°C (77°F) | 40°C (104°F) Diff.

CC) | CF) | (ksi) | (MPa) | (ksi) | (MPa) | (ksi) | (MPa)| (ksi) | (MPa) | (ksi) | (MPa)

BUT 129-22E | 32.9 | 91.2 | 1537 | 10597 | 1416 9763 1124 | 7750 536 3696 910 6274 | 51%

CHP 68-2N 26.8 | 80.2 | 274 | 1889 | 1210 8343 480 | 3309 | 422 2910 458 3158 | 50%

CLA 41-3N 26.8 | 80.2 | 610 | 4206 | 1209 8336 830 | 5723 359 2475 716 4937 16%

DEL 23-17S 26.7 | 80.1 | 628 | 4330 | 2162 14906 987 | 6805 555 3827 923 6364 | 38%

GRE 35-21E 349 | 948 | 222 1531 | 1190 8205 676 | 4661 262 1806 374 2579 | 51%

HAM 126-11E | 335 | 92.3 | 407 2806 N/A N/A N/A N/A N/A N/A N/A N/A N/A

LUC 25-10S 27.2 | 81.0 | 504 | 3475 | 1198 8260 577 | 3978 311 2144 575 3964 | 13%

PIK 32-15W 248 | 76.6 | 733 5054 1160 7998 544 | 3751 352 2427 651 4488 12%

PIK 32-19E 246 | 76.3 | 683 4709 N/A N/A N/A N/A N/A N/A N/A N/A N/A

ROS 35-1W 352 | 954 | 326 2248 | 1308 9018 947 | 6529 511 3523 581 4006 | 56%
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13.10Summary and Observations on Existing Pavements

Field testing, especially FWD testing, can be used to determine the quality of the AC
pavement system. Back calculated moduli values and strain prediction models can be used to
estimate the strain at the bottom of an asphalt pavement. For this study, a conservative value of
70 pe at the bottom of the AC base layer was used as the qualification value for an AC pavement
system to be considered perpetual. Sites with strains above 70 pe were not considered perpetual
but could become perpetual by applying additional asphalt surface material to the structure. This
addition can effectively protect the AC base layer and make the pavement perpetual.

Based on those criteria, the asphalt pavement structures from Butler 129-22E, Delaware
23-17S, Hamilton 126-11E, Pike 32-19E, Pike 32-15W, Lucas 25-10S, and Clark 41-3N can be
classified as perpetual. The Ross 35-1W structure was not classified as perpetual, but could be
modified to meet the perpetual pavement requirements with a surface layer addition. The
Champaign 68-2N and Greene 35-21E structures were considered to not be perpetual.

This research approach showed the condition of the AC base layer can be determined by
FWD and IDT testing. Also, the higher performing pavements had similar IDT strength values as
the rich bottom asphalt layer from WAY-30 designed perpetual pavement which shows the AC
base layer of the older designs have maintained their structural integrity.

Empirical FWD equations that were based on FWD data were used to estimate the strain
at the bottom of the AC base layer; those equations consistently under-estimated the strain.
However, there was an excellent relationship between strain results from back-calculated strains
and the empirically calculated strains. Therefore, strains can be quickly estimated by applying
the loads and deflections to the Kim and Park (2002) AUPP equation and using the relationship
found in the trend line to estimate the back-calculated results.

The Portable Seismic Property Analyzer (PSPA) was a very useful tool in quickly
estimating the condition of the pavement; the seismic modulus can be used to estimate the
resilient modulus of asphalt.
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14 Status Update on Previous Perpetual Pavement Test
Roads

14.1US Route 30 Wayne County (WAY-30)

Construction of the US Route 30 bypass in Wayne County (WAY-30) was completed in
2005, and the road was built to demonstrate perpetual pavement concepts. Monitoring the test
sections continued until 2010, last reported in a June 2010 report on a project titled “Monitoring
And Modeling Of Pavement Response And Performance Task A: Ohio” (Sargand and Figueroa,
2010). At that point the perpetual AC pavement was performing well, with little or no distress.
After June 2010, ODOT assumed responsibility for data collection from the test sections. To
fulfill the requirements for this project, a forensic investigation trip was conducted with the
assistance of ODOT personnel to the WAY-30 site in July 2014. At that time the ORITE team
observed severe surface distress in the test pavement. Figure 107 through Figure 112 show
examples of the surface distress observed on WAY-30. A check of the sensors in the test
sections indicated that 90% of the gauges were non-functional as would be expected, given the
life expectancy of a these gauges is listed as 2 to 3 years by the manufacturer, and since it had
been 9 years since the installation of the sensors.

Figure 107. Surface distress at Station 87 of WA—30,icIuding test sectio and WIM.
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Figure 109. Surface distress at Sta.876 of WAY-30.
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Fiu re 111. Surac distress at Sta. 664fWA—0.
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Falling weight deflectometer (FWD) data collected by ODOT and included in the previous report
(Sargand and Figueroa, 2010) showed that in October 2007, Section B (Station 884-889 WB)
had an average spreadability (SPR) of 60.8% and average Df1/Df7 of 3.90. Section C (875-881
WB) from May 2008 had an average SPR of 60.2% and Df1/Df7 of 3.84 and Section E (661-667
WB) from May of 2008 had an average SPR of 63.7% and Df1/Df7 of 3.58. FWD data collected
in April of 2014 are presented in Table 117 and show the average SPR for Section B is 57.3%
and Average Df1/Df7 is 3.98, the average SPR for Section C is 55.2% and Df1/Df7 is 4.17 and
the average SPR for Section E is 60.9% and Df1/Df7 id 4.32. Spreadability is correlated to the
structural response of the entire pavement, and although these numbers show a small reduction
between 4% to 8%, this likely reflects the surface condition and not necessarily the overall
pavement condition.

Figure 112. Surface distress at Sta. 664 of WAY -30.

Table 117. Summary of FWD data from WAY-30.

April 14, 2014 — AC Sections WAY-30 — FWD Summary
| Pavement Surface Right Wheel Path
Seﬁgon Temperature Df1 Df7 SPR
ce | coy |milkip)mmmny| mitkip) [mmmany| PP )
B 68.0 20.0 0.43 2.75 0.12 0.76 3.64 | 57.33
C 68.1 20.1 0.39 2.52 0.09 0.63 3.98 [ 55.21
E 63.0 17.2 0.47 3.01 0.14 0.91 3.28 | 60.93
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14.2177 Stark County (STA-77)

The 177 perpetual pavement section in Canton in Stark County (STA-77) was visited by
the research team in September of 2011. A distress survey and FWD data collection was
conducted. The pavement showed little rutting as shown in Figure 113, and the only major
distresses are longitudinal cracks along the edge line as shown in Figure 114 and Figure 115.
Falling Weight Deflectometer data collected during this visit is summarized in Table 118.
Sections A and B represent a 500 ft (152 m) long test strip for each of the two test areas on STA-
77, Section A at approximately mile marker 108.55 north bound, and Section B at approximately
mile marker 112.8 north bound. The SPR and Df1/Df7 are similar to those on WAY30, even
though these sections did not display any signs of surface distress, again reflecting the age of the
sections and confirming the sections are still in a structurally sound condition. No previous FWD

data were reported.

Table 118. Summary of FWD data from STA-77.

September 2011 — AC Sections STA-77 — FWD Summary

. |Pavement Surface Right Wheel Path
Se::lgon Temperature Df1 Df7 Su/of | SPR
(F) | (°C) |(mil/kip)| (mm/MN) |(mil/kip)| (Mm/MN) (%)
A 720 | 222 | 032 2.08 0.092 0.59 3.60 |[56.69
B 81.0 | 272 | 057 3.68 0.17 1.09 3.37 |58.90

M

Figure 113. Rutting measurement on STA-77.
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Figure 114. Longitudinal cracks on STA-77.

Figure 115. Longitudinal cracks on STA-T7.
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15 Conclusions and Recommendations

The primary objective of this study was to develop a procedure for the selection of the
optimal design for perpetual pavements in Ohio. Other specific objectives of this project
included:

e Investigate various perpetual pavement structure alternatives through varying the thickness
and material properties of pavement layers in field test sections.

e Use data collected at the field test sections to verify the analysis results.

e Evaluate typical conventional asphalt pavement designs currently used in Ohio and develop
an approach to retrofit existing conventional asphalt pavements in good condition to meet the
perpetual pavement requirements.

The design of perpetual pavement is based on adjusting materials and thickness so that the
maximum tensile strain at the bottom of the asphalt stays below the endurance limit, which
prevents bottom-up fatigue cracking. Past projects, such as WAY-30 around Wooster and STA-
77 in Canton, were designed based on an endurance limit of 70pe. This is well-established as a
conservative number. In this study, endurance limit was obtained following NCHRP Project 9-
44A report (Witczak et al, 2013).

15.1Major Conclusions

15.1.1 DEL-23

All the data obtained from DEL-23 for all the loading conditions, speed, climate
conditions, including worst case conditions, such as 5 mph (8 km/h) traffic under high
temperature, were analyzed in conjunction with the NCHRP 9-44A endurance limit model. It
was determined the thickness of 13 in (33 cm) or greater, constructed on a 6 in (15 cm) aggregate
base and stabilized subgrade, met criteria for perpetual pavement, while the 11 in (28 cm) section
on the same base and subgrade did not. It was also determined a pavement thickness of 15 in (38
cm) or greater, constructed on an aggregate base and compacted subgrade, also met perpetual
pavement criteria.

With stabilized soil, both the stabilized soil and the ODOT Item 304 base will have
increased stiffness (Sargand et al, 2014), thus the strains at the bottom of the asphalt pavement
will be reduced and the deflection of the base and subgrade will also be low.

The worst case test conditions, 5 mph (8 km/h) heavy load will not produce a major
discrepancy with static load. These conditions may lead to rutting in the surface course, but the
rutting will be minimal in the base and stabilized subgrade due to their enhanced stiffness.

15.1.2 Existing pavements

Using FWD back calculated moduli in elastic layer models predicted strain in bottom
layer with reasonable accuracy when compared to finite element modeling, however empirical
equations typically predicted lower strains.

Seven of the ten pavements studied met perpetual pavement criteria assuming an
endurance limit of 70ue, which observations and distress surveys confirmed. One pavement
could be made perpetual with added AC layers, and the other two appeared to have damage and
would require a substantial overlay to reduce strain to 70pe or less.
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ODOT can use the technique in the recommendations below (Section 15.3) to evaluate
existing pavements to determine if they are perpetual or could be made perpetual with a designed
overlay adding sufficient thickness to reduce the strain in the pavement below the endurance
limit. If actual material properties data are not available, the 70pe endurance limit can be used as
a conservative value.

15.1.3 APLF

Test lanes were constructed in the Accelerated Pavement Load Facility (APLF) which
further evaluated thicknesses and included the use of high-polymer content binder, or highly
modified asphalt (HIMA). On the built-up sections in the indoor facility, subgrade was
stabilized, moisture increase in the subgrade soil typically experienced in the field did not occur,
and construction quality was very high.

In the APLF, based on data collected, all sections satisfied NCHRP Project 9-44A criteria
for perpetual pavement (Witczak et al, 2013). The 8 in (20 cm) thick well-constructed HIMA
pavement on 304 and stabilized subgrade met perpetual pavement criteria in the highly
controlled environment of the APLF.

Very little rutting was observed in the test pavements. Comparing HiMA with control
sections there was significant improvement in rutting resistance using the high polymer asphalt.

15.1.4 Additional major conclusions

Stabilization of subgrade appeared to have a significant impact on reducing strains in the
FRL, based on data on DEL-23, where 13 in (33 cm) section on stabilized subgrade had lower
FRL strains than 15 in (38 cm) section on non-stabilized subgrade.

Using the NCHRP 9-44A model, one of the key steps is determining the initial modulus
Eo (Witczak et al, 2013). The MEPDG assumes Eo = E*, while Romanoschi, et al (2006)
indicate Eo = E*/2. All DEL-23 sections satisfy perpetual criteria on the latter assumption; if Eo
= E* only the 11 in (28 cm) section failed the perpetual pavement criterion, which matches the
experimental findings.

For the mixes used on DEL-23 and in the APLF, E* for the fatigue resistance layer and
the asphalt base course (ODOT Item 302) were very similar in the laboratory tests. Thus in
implementing NCHRP 9-44A, it is concluded the FRL can be replaced with an asphalt base
course.

15.2Detailed Conclusions from Various Tasks

The controlled load testing on DEL-23 was conducted at speeds of 5 mph (8 km/h),
representing heavily congested traffic, 30 mph (48 km/h) representing urban speeds, and 55 mph
(89 km/h), representing rural areas. Temperature of the FRL on DEL-23 ranged between 40°F
(4.4°C) to 45°F (7.2°C) during the late autumn weather testing and 97°F (36.1°C) to 86°F (30°C)
during summer weather testing. The maximum measured horizontal strains in the FRL on US 23
were 68 pe, 34 pe, and 43 pe during cold weather testing for the 11 in (28 cm), 13 in (33 cm),
and 15 in (38 cm) asphalt thicknesses, respectively, and correspondingly 143 pe, 85 pe, and 102
pe during warm weather testing for the 11 in (28 cm), 13 in (33 cm), and 15 in (38 cm) asphalt
thicknesses, respectively. None of the pavements exceeded the 40°F (4.4°C) fatigue endurance
limit, 80pe, during the cold weather testing. However, the 11 in (28 cm) thick pavement
significantly exceeded, and the 15 in (38 cm) pavement barely exceeded the 100°F (37.8°C)
fatigue endurance limit of 100 pe during the warm weather testing. Thus the 11 in (28 cm)
section was not perpetual. The 13 in (33 cm) design represents the minimum thickness perpetual
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pavement on DGAB and stabilized subgrade, while the 15 in (38 cm) thickness is the minimum
recommended for perpetual pavement on DGAB and compacted subgrade.

Using Eo = E*, the computed endurance limit strains were 68-70ue for 40°F (4.4°C), 79-
80 pe at 70°F (21.1°C) and 99-100ue at 100°F (37.8°C), with the narrow ranges describing the
pavements at DEL-23 and the control and HiIMA sections in the APLF.

All pavement responses measured, including longitudinal strain in the FRL and
longitudinal and transverse strains in the base layer, tended to decrease as the truck testing speed
was increased. This trend was least prevalent in the 13 in (33 cm) section for strain
measurements obtained in both the FRL and base layer. Additionally, at higher tire pressures,
the strain measured in the FRL and base layers of all three sections tended to stabilize between
30 mph (48 km/h) and 55 mph (89 km/h), although, as the pavement thickness increased, strain
measurements continued to decrease between 30 mph (48 km/h) and 55 mph (89 km/h) even at
higher tire pressures.

The computer simulations with PerRoad predicted lifespans for all sections which greatly
exceeded 50 years. PerRoad predicted lifespans of 324 years for the 11 in (28 cm) section, 385
years for the 13 in (33 cm) section, and 402 years for the 15 in (38 cm) section. Pavement
responses exceeded corresponding threshold limits less than 1% of the time, except horizontal
strain in the FRL of the 11 in (28 cm) section was predicted to exceed the conservative 70ue
threshold 2.28% of the time. The accuracy of PerRoad in Ohio should be validated before using
it for pavement analysis.

Utilizing the available mechanistic properties of materials and the national calibration in
the MEPDG software (AASHTOWare Pavement-ME Design), the simulated performance
ranking of the test sections was similar to the results observed in the field test sections on DEL-
23 and the APLF. However, only relative comparisons can be made because the ME Design
software is not calibrated for Ohio.

15.3Recommendations

New pavement designs which result in an asphalt thickness greater than 13 in (33 cm) on
a 6 in (15 cm) dense graded aggregate base on stabilized subgrade or 15 in (38 cm) of asphalt on
a 6 in (15 cm) dense graded aggregate base on compacted subgrade should be evaluated for
perpetual performance using the following equation:

SR =2.0844 — 0.1386*log(Eo) — 0.4846*log(&) — 0.2012*log(N) + 1.4103*tanh(0.8471* RP) +
0.0320* log(Eo)*log(&) — 0.0954* log(Eo)*tanh(0.7154*RP) —
0.4746*log(&)*tanh(0.6574* RP) + 0.0041*log(N)*log(Eo) + 0.0557*log(N)*log(&) +
0.0689*log(N)*tanh(0.259*RP)

Where:
SR = stiffness ratio = stiffness measured at any load cycle during beam fatigue testing to
the initial stiffness of the specimen
Eo = initial flexural stiffness (ksi)
& = applied tensile strain (ji€)
RP = rest period (sec)
N = number of load cycles

The procedure is as follows:
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Measure or estimate the mechanical properties of the pavement layers and foundation
soil.

o The recent ODOT report entitled Incorporating Chemical Stabilization of the
Subgrade in Pavement Design and Construction Practices (Sargand et al, 2014)
provides a procedure for estimating the moduli of stabilized subgrade and compacted
subgrade.

Compute the endurance limit using the equation above, setting SR = 1, and determine &.
For the initial stiffness value, Eo, use the results of the beam fatigue test to provide the
most accurate estimate.

o If Eo from beam fatigue testing is not available, E* obtained from AMPT (Asphalt
Mixture Performance Test) or the Witczak equation can be used to estimate Eo.

Use elastic layer software to estimate the horizontal strain at the bottom of the asphalt
base and compare to the endurance limit determined in the previous step or to the
currently used value of 70 pe, which appears to be a conservative and reasonable value
based on testing completed for this project.

In-service flexible pavements programmed for overlays can be evaluated for perpetual

performance by calculating the strain at the bottom of the asphalt layer using back calculated
modulus values in elastic layer models. However, a quick estimate using the AUPP equation
developed by Kim and Park (2002) may be used by pavement designers, keeping in mind that the
AUPP equation results are about 10 pe lower than the back-calculated strain on average. Thus,
the following steps are recommended for evaluating an existing flexible pavement’s perpetual
pavement status:

Perform FWD test.

Normalize all the deflections to be evaluated to a 9000 Ib (40 kN) load.

Insert deflection values for sensors Do, D12, D24, and Dzs into the equation below to
calculate AUPP.

AUPP = (5D¢ — 2D12 — 2D24 — Dzg)/2

Insert AUPP into the equation developed by Kim & Park (2002) to get a quick estimate
of the strain at the bottom of the AC base layer, &ac.

log(eac) = 1.034 log(AUPP) + 0.932

Add 10 pe to obtain adjusted strain €agj = €ac +10 that matches back calculated value.
If the adjusted strain eaqj calculated is below 70 pe, then the pavement is considered
perpetual.
o If the adjusted strain eaqj calculated is above 70 pe then the pavement is not
considered perpetual, Reevaluate the AC pavement FWD results using Evercalc
5.0. Add thickness to the pavement structure until the strain at the bottom of the
AC base layer is less than or equal to 70 pe on the Evercalc program.

Further research should be conducted to investigate the relationship between the initial

modulus Eo as measured during the beam fatigue test and E* measured with the AMPT.
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15.4Implementation

ODOT can use the NCHRP 9-44A procedure to evaluate the endurance limit for an
asphalt mix.

When designing perpetual pavement thickness, include global soil stabilization as per
current policy. That will result in a significant reduction in asphalt thickness required to meet
perpetual pavement design, particularly in combination with ODOT Item 302 base.

A procedure to evaluate the perpetual nature of in-service flexible pavement has been
presented. ODOT should use this procedure when the FWD data is available to determine the
thickness required to achieve perpetual performance.

An understanding of the Eo/E* relationship may allow ODOT to reduce the thickness
required for perpetual performance with confidence if the relationship developed by Romanoschi
is valid for Ohio mixes.
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Appendix A: LVDT calibration on DEL-23.

Table A.1 Calibration Data (LVDT 1-1 through 4-2)

Displacement (in)| 1-1 (V) [ 1-2 (V) | 2-1 (V) [2-2 (V) [ 3-1 (V) | 3-2 (V) | 4-1 (V) | 4-2 (V)
0 -812| -812) -829] -821 -837] -8.09] -8.03 -8.08
0.025| -7.84| -7.83 -8.00) -7.92| -812| -7.82| -777[ -7.81
0.05| -7.55| -7.54[ -7.71| -7.63| -7.84] -753] -7.48| -7.54
0.075| -7.25| -7.24| -741) -7.33] -755| -723] -7.19[ -7.25
01f -6.95 -6.93 -7.11f -7.02| -7.25 -6.93] -6.89] -6.96
0.125| -6.65| -6.62| -6.80] -6.72 -6.95| -6.63] -6.59| -6.67
015 -6.34] -6.32| -650 -641| -6.65 -6.33] -6.29] -6.37
0.175| -6.04] -6.01] -6.19] -6.10f -6.35| -6.03] -5.99[ -6.08
02 -574) -570[ -5.89| -5.79| -6.04f -572| -568| -5.78
0.225| -543| -540[ -558| -550f -5.74] -542[ -5.38] -548
025 -513] -510f -5.28 -519| -544| -512| -5.08] -5.18
0.275| -482| -479| -497) -489| -514| -481| -477| -4.88
03| -452| -448| -4.67| -459| -4.83] -451] -447| -458
0.325| -422| -417| -437| -428] -453] -4.20[ -416] -4.28
035 -391] -3.87[ -4.06] -3.98| -422| -390 -3.86] -3.98
0375 -361] -356| -3.76| -3.68] -392| -3.60] -3.56| -3.68
04/ -330] -3.26] -345| -337] -3.61] -329] -3.26] -3.37
0425 -299| -2.95 -314| -3.07[ -3.30] -299| -295 -3.07
045/ -2.69| -2.65| -2.84 -2.76] -3.00] -2.68] -2.65| -2.76
0475 -238] -2.34| -253] -245| -269] -238] -234] -245
05| -207] -2.03] -2.22| -215| -239] -2.07| -2.04] -2.15
0.525| -1.76] -1.73| -1.92| -1.84| -2.08] -1.77[ -1.73] -1.84
055 -145| -142| -1.61| -153| -1.78] -1.46] -142| -1.53
0.575| -1.04] -111] -1.30] -1.22| -147] -115] -112[ -1.23
0.6/ -0.83 -0.80f -0.99| -0.91] -1.16] -0.84] -0.81] -0.92
0.625 -0.52| -049] -0.69] -0.60f -0.85| -0.54] -0.50[ -0.61
0.65| -0.21] -0.18 -0.38 -0.29] -0.54| -0.24] -0.19] -0.31
0.675| 0.09 0.13[ -0.07 0.01f -0.23 0.07 0.12 0.01
0.7/ 0.39 0.44 0.23 0.32 0.07 0.38 0.43 0.31
0.725 0.70 0.74 0.53 0.63 0.38 0.68 0.73 0.62
075/ 101 1.05 0.83 0.93 0.69 0.99 1.04 0.92
0.775| 131 1.36 1.13 1.24 0.97 1.30 1.34 1.23
08 161 1.67 1.42 1.54 1.30 1.60 1.65 1.54
0.825 192 1.98 1.73 1.85 1.61 1.91 1.95 1.85
085 222 2.28 2.03 2.15 1.92 2.22 2.26 2.16
0.875| 253 2.59 2.33 2.46 2.23 2.53 2.56 2.47
09 282 2.89 2.62 2.76 2.53 2.84 2.87 2.78
0925 3.12 3.19 291 3.07 2.84 3.14 3.18 3.08
0.95| 343 3.50 3.21 3.37 3.15 3.45 3.48 3.39
0.975| 3.74 3.80 3.50 3.68 3.46 3.76 3.79 3.70
1] 4.05 411 3.79 3.98 3.76 4.06 4.09 4.01
1.025| 4.36 4.41 4.09 4.28 4.07 4.37 4.40 4.31
1.05| 4.67 4.71 4.39 4.59 4.38 4.67 4.70 4.62
1.075] 4.99 5.02 470  4.89 4.68 4.97 5.01 4.92
11 5.30 5.32 5.01 5.18 4.98 5.27 531 5.22
1.125] 5.60 5.62 5.31 5.49 5.29
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Table A.2 Calibration Data (LVDT 5-1 through 8-2

Displacement (in)| 5-1 (V) | 5-2 (V) | 6-1 (V) | 6-2 (V) | 7-1 (V) | 7-2 (V) | 8-1 (V) | 8-2 (V)
0| -8.23] -8.13] -8.10] -8.32| -8.00f -8.15 -8.29| -8.09
0.025| -7.96| -7.86| -7.82| -8.05| -7.71| -7.87| -8.03| -7.83
0.05| -7.66| -7.57| -753| -7.77| -7.43| -758 -7.75 -7.55
0.075| -7.36| -7.27| -7.24| -7.48] -7.14| -729] -7.45 -7.25
0.1 -7.06] -6.97| -6.94| -7.18 -6.85| -6.99] -7.15 -6.96
0.125| -6.75| -6.67| -6.64| -6.87] -6.55| -6.70/ -6.85| -6.66
0.15| -6.44| -6.36] -6.34| -6.56| -6.25| -6.39] -6.54| -6.35
0.175| -6.13| -6.06] -6.04| -6.26] -5.95| -6.09] -6.24] -6.06
0.2 -5.83] -575| -573] -595| -564 -579] -594| -575
0.225| -551| -545| -543| -5.64] -5.34| -549| -563] -545
0.25| -5.21| -5.14| -513| -534| -5.04/ -519] -533 -515
0.275| -4.90| -483] -483| -5.03] -473] -489] -502| -484
03| -460| -453| -452| -472| -442| -459| -471| -454
0.325| -4.30| -4.22| -422| -441| -4.12] -429| -441] -4.23
035 -3.99| -391] -391] -411f -381] -398 -410/ -3.93
0.375| -3.68/ -361| -360 -3.80] -350f -3.68 -3.79] -3.62
04| -337[ -330] -329] -350f -320f -337] -349 -331
0.425| -3.07] -299] -298 -3.19] -289] -3.07 -3.18 -3.00
0.45| -2.76] -2.69| -2.67| -2.89] -258| -276| -287 -2.70
0.475| -2.46| -2.38| -2.36| -2.58| -2.27| -2.45 -256| -2.39
05| -2.15| -2.08) -2.05| -2.28/ -1.96| -2.15| -2.25| -2.08
0.525| -1.85| -1.77| -1.74| -1.97| -1.65| -1.84| -1.94 -1.77
0.55| -1.54| -1.46| -1.43| -1.66| -1.34| -153] -1.64] -1.46
0.575| -1.23] -1.15 -1.11| -1.35] -1.03] -1.22] -1.33] -1.16
0.6 -0.92 -0.84] -0.80] -1.04f -0.73] -0.91] -1.03] -0.85
0.625| -0.61| -0.53] -0.49| -0.73] -042| -0.61] -0.72| -0.55
0.65| -0.30{ -0.22] -0.18 -0.41f -0.11| -0.30) -0.42| -0.25
0.675| 0.02 0.09 0.12| -0.10 0.19 0.09] -0.11 0.05
0.7] 0.32 0.40 0.43 0.21 0.50 0.32 0.19 0.35
0.725| 0.63 0.71 0.74 0.53 0.80 0.62 0.50 0.66
0.75] 0.94 1.02 1.05 0.84 1.11 0.93 0.81 0.96
0.775 1.24 1.33 1.36 1.15 1.42 1.24 1.11 1.26
0.8 1.55 1.64 1.66 1.46 1.72 1.54 1.42 1.57
0.825 1.86 1.95 1.97 1.77 2.03 1.85 1.73 1.87
0.85 2.17 2.26 2.28 2.08 2.33 2.16 2.03 2.17
0.875 2.48 2.57 2.58 2.39 2.64 2.47 2.34 2.48
0.9 2.79 2.87 2.89 2.70 2.94 2.77 2.65 2.79
0.925 3.09 3.18 3.20 3.00 3.24 3.08 2.96 3.09
0.95 3.40 3.48 3.50 3.31 3.55 3.38 3.27 3.40
0.975 3.70 3.78 3.81 3.62 3.85 3.69 3.58 3.71
1] 4.01 4.08 4.12 3.92 4.16 4.00 3.89 4.01
1.025| 4.31 4.38 4.42 4.23 4.46 4.30 4.20 4.32
1.05| 4.62 4.68 4.72 4.54 4.76 4.61 4.51 4.62
1.075] 4.90 4.98 5.02 4.85 5.06 4.91 4.82 4.93
1.1 5.20 5.28 5.33 5.15 5.36 5.22 5.12 5.23
1.125 5.58 5.63 5.66 5.52 5.54
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Table A.3 LVDT Calibration Factors

Calibration Factor | Calibration Factor
Sensor . .
(V/in) (mil/mV)

LVDT 1-1 12.2309 0.081760
LVDT 1-2 12.2604 0.081563
LVDT 2-1 12.1265 0.082464
LVDT 2-2 12.2212 0.081825
LVDT 3-1 12.2268 0.081788
LVDT 3-2 12.2052 0.081932
LVDT 4-1 12.1972 0.081986
LVDT 4-2 12.1810 0.082095
LVDT 5-1 12.2793 0.081438
LVDT 5-2 12.2724 0.081484
LVDT 6-1 12.2858 0.081395
LVDT 6-2 12.3227 0.081151
LVDT 7-1 12.2209 0.081827
LVDT 7-2 12.2137 0.081875
LVDT 8-1 12.2526 0.081615
LVDT 8-2 12.1790 0.082109
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Appendix B: LVDT enclosure and reference rod diagrams for DEL-23.
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Figure B.1 11 in (28 cm) section LVDT enclosure and reference rod (1 in = 2.54 cm)
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Figure B.2 13 in (33 cm) section LVDT enclosure and reference rod (1 in = 2.54 cm)
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Figure B.3 15 in (38 cm) section LVDT enclosure and reference rod (1 in = 2.54 cm)



Appendix C: Strain gage rosette hole diagrams for DEL-23.

6.00 in

Top
T
1.001n Surface
200in Intermediate 174 |
__________________________ 0.88in
1.50in
k2
6.00 in Base
& I
1.50in

2 §
r N
_________________ 2121in
k2
k2,
3.00i0n
k2

(parallel to edge/traffic)

Longitudinal Side

Transverse Side

Figure C.1 13 in (33 cm) section round strain gage rosette hole (1 in = 2.54 cm)
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(perpendicular to edge/traffic)
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173
4.000In
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(parallel to edge/traffic)

Longitudinal Side

Transverse Side

(perpendicular to edge/traffic)
Figure C.2 15 in (38 cm) section round strain gage rosette hole (1 in = 2.54 cm)
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Transverse Side

(perpendicular to edge/traffic)
Figure C.3 13 in (33 cm) section square strain gage rosette hole (1 in = 2.54 cm)



8.00 in

Top
C0.63 in
1.DEP in Surface i, ] M. 1
149i0n
zmin  INtermediate 128 | 1%
D.28 in
_________________________ B
1.50 im
172 | iz,
Base
400 im
2.00in
173 1%
28D in
Longitudinal Side Transverse Side

(parallel to edge/traffic) (perpendicular to edge/traffic)
Figure C.4 15 in (38 cm) section square strain gage rosette hole (1 in = 2.54 cm)
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for DEL-23.
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d

Pavement instrumentation
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Figure D.1 11 in (28 cm) section instrumentation (1 ft
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Figure D.2 13 and 15 in (38 cm) section instrumentation (1 ft



Appendix E: Truck loads and dimensions for CVL tests on DEL-23

Truck: T6-970 International Workstar 2545732

Rear Tires: Michelin 445/50 R22.5 Front Tires: Continental 315/80 R22.5
Cold Pressure: 100 psi Cold Pressure: 100 psi
T 11.00in 5400 Ibs
1575in 5400 Ibs
91.50 in 60.00 in 85.50in T3.50in

5050 lbs
5200 lbs
| 177.00in

Figure E.1 Single axle wide-based tire (empty) (1 in = 2.54 cm, 1Ib = 4.45 N, 100 psi = 689
kPa)

Truck: T6-970 International Workstar 2545732

Rear Tires: Michelin 445/50 R22 5 Front Tires: Continental 315/80 R22.5
Cold Pressure: 100 psi Cold Pressure: 100 psi
11.00n 6050 Ibs
15.75in 14250 Ibs
91.50in 60.00 im 85.50in T350in

14600 Ibs
8100 Ibs
| 177.000in

Figure E.2 Single axle wide-based tire (max load) (1 in =2.54 cm, 1lb = 4.45 N, 100 psi = 689
kPa)
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Truck: T6-642 International Workstar 2560608

Rear Tires: Michelin 275/80 R22.5 Front Tires: Good Year 318/80 R22.5
Cold Pressure: 100 psi Cold Pressure: 100 psi
20500 in |
1350 Ibs |:| 1500 Ibs 1 I;IJ in 5300 Ibs.
combined: 3100 Ibs combined: 2800 Ibs |

1
97'5in 1800 s |:| 1650 los

1550 Ios |:| 1800 Ibs

combined: 3300 lbs combined: 3150 Ibs.
3.50 in:] 1450 Ibs |——r| 1450 s 5550 ks
5350

Figure E.3 Tandem axle dual tire (empty) (1 in =2.54 cm, 1Ib = 4.45 N, 100 psi = 689 kPa)

Truck: T6-642 International Workstar 2560608

Rear Tires: Michelin 275/80 R22.5 Front Tires: Good Year 318/80 R22.5
Cold Pressure: 100 psi Cold Pressure: 100 psi
20500 in |
i N ;
4350 Ibs |:| 4500 lbs. 11.00in 7100 Ibs
combined: 10,000 lbs combined: 9500 Ibs }
97.‘5 in 5350 Ibos 5250 s
1
B6.50 in 50.50 in 25.00

4500 1o D 4800 bs

combined: 3300 Ibs combined: 8350 Ibs
150 in:] 4050 los |——r| 4200 s 6600 lbs
52.50n

Figure E.4 Tandem axle dual tire (max load) (1 in = 2.54 cm, 1lb = 4.45 N, 100 psi = 689 kPa)
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Appendix F: Test day temperatures during CVL testing on DEL23.

Table F.1 Test day temperatures for the 11 in (28 cm) section on 12/18/12

Time Air TC1 TC2 TC3 TC4

ofDay | °C) | CF) | O | CH | CCO)| CFH | O | A | O | (A
10:20 | 4.22 | 3959 | 6.91 | 44.44 | 6.92 | 44.45 | 6.68 | 44.02 | 6.44 | 43.58
10:30 | 4.77 | 4059 | 6.62 | 43.92 | 6.62 | 43.92 | 6.43 | 43.57 | 6.23 | 43.21
10:40 | 5.33 | 4159 | 6.58 | 43.85 | 6.58 | 43.85 | 6.40 | 43.51 | 6.16 | 43.08
10:50 | 5.98 | 42.76 | 6.56 | 43.80 | 6.55 | 43.79 | 6.36 | 43.44 | 6.17 | 43.11
11:00 | 5.85 | 4252 | 6.93 | 44.47 | 6.91 | 44.44 | 6.72 | 44.09 | 6.47 | 43.65
11:10 | 5.96 |42.72 | 6.81 | 44.26 | 6.79 | 44.22 | 6.60 | 43.87 | 6.38 | 43.49
11:20 | 5.70 | 42.25 | 6.86 | 44.35 | 6.85 | 44.34 | 6.65 | 43.98 | 6.46 | 43.63
11:30 | 5.25 | 41.45| 6.78 | 44.21 | 6.80 | 44.24 | 6.60 | 43.88 | 6.42 | 43.55
11:40 | 542 |41.75| 6.21 | 43.17 | 6.19 | 43.15 | 6.04 | 42.87 | 5.86 | 42.55
11:50 | 5.93 | 42.68 | 6.48 | 43.66 | 6.49 | 43.69 | 6.37 | 43.46 | 6.19 | 43.14
12:00 | 5.82 | 42.47 | 6.65 | 43.96 | 6.63 | 43.94 | 6.46 | 43.63 | 6.26 | 43.26
12:10 | 7.19 | 44.94 | 599 | 42.79 | 5.97 | 42.74 | 578 | 42.41 | 561 | 42.11
12:20 | 8.96 | 48.13 | 5.96 | 42.72 | 5.94 | 42.70 | 5.78 | 42.41 | 5.62 | 42.12
12:30 | 9.74 | 4953 | 6.30 | 43.34 | 6.30 | 43.34 | 6.15 | 43.07 | 6.00 | 42.81
12:40 | 8.70 | 47.66 | 6.96 | 44.53 | 6.96 | 44.54 | 6.83 | 44.29 | 6.64 | 43.95
12:50 | 8.35 | 47.03 | 6.75 | 44.15 | 6.71 | 44.07 | 6.57 | 43.82 | 6.41 | 43.53
13:00 | 8.80 | 47.84 | 7.09 | 44.76 | 7.06 | 44.71 | 6.89 | 44.40 | 6.64 | 43.95
13:10 | 9.14 | 48.45| 6.67 | 44.00 | 6.64 | 43.95 | 6.53 | 43.76 | 6.40 | 43.53
13:20 | 10.15 | 50.27 | 6.40 | 43.52 | 6.40 | 43.52 | 6.33 | 43.39 | 6.22 | 43.20
13:30 | 9.90 | 49.82 | 6.72 | 44.09 | 6.68 | 44.02 | 6.58 | 43.84 | 6.46 | 43.62
13:40 | 9.84 |49.71| 6.79 | 4423 | 6.78 | 44.21 | 6.72 | 44.10 | 6.63 | 43.93
13:50 | 9.88 | 49.78 | 6.50 | 43.70 | 6.50 | 43.69 | 6.45 | 43.60 | 6.38 | 43.48
14:00 | 9.84 | 49.71 | 6.47 | 43.65 | 6.47 | 43.64 | 6.46 | 43.63 | 6.44 | 43.58
14:10 | 9.73 | 4951 | 6.59 | 43.87 | 6.59 | 43.86 | 6.61 | 43.89 | 6.59 | 43.86
14:20 | 9.83 | 49.69| 6.74 | 44.14 | 6.70 | 44.07 | 6.68 | 44.02 | 6.64 | 43.95

Note: T1 and T2 were located in the FRL and T3 and T4 were located in the base layer
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Table F.2 Test day temperatures for the 13 in (33 cm) section on 12/19/12
Time Air TC1 TC2 TC3 TC4 TC5 TC6
of Day| (°C)| (°F) |(°C)| (°F) [(°C)| (°F) |(CC)| (°F) [(CC)| (°F) [(°C)| (°F) |(°C)| (°F)

10:20 |16.28 | 43.30 |6.86| 44.35|6.88 | 44.38 |6.72 | 44.09 |6.55]43.79|6.35|43.44 |6.11 | 43.00

10:30/6.0042.79 |6.74|44.14|6.72| 44.10 |6.65| 43.97 | 6.53 | 43.756.31 | 43.36 | 6.07 | 42.92

10:40|5.79[42.43|6.79|44.22 |6.82 | 44.28 | 6.69 | 44.04 |1 6.53|43.75|6.33 | 43.39|6.11 | 42.99

10:50 |5.63[42.13|6.75|44.16 |6.81 | 44.25 |6.68 | 44.03 |6.50|43.70 |6.31 | 43.36 |6.09 | 42.97

11:00 |5.5341.95|6.75|44.14|6.74|44.13 |6.64 | 43.94 |6.50|43.69 | 6.30 | 43.34 |6.10| 42.98

11:10]5.56 | 42.01 |6.68|44.02 |6.69|44.05|6.58 | 43.84 | 6.48|43.66 |6.30 | 43.33 |6.07 | 42.93

11:20|5.77|42.38 |6.66 | 43.98 |6.66 | 43.99 |6.60 | 43.88 | 6.49|43.68 |6.27 | 43.29 |6.06 | 42.92

11:30/5.93|42.68 |6.71|44.07 |6.72|44.10 |6.61 | 43.89 |6.47|43.65|6.30 | 43.34 |6.12| 43.02

11:40/6.20|43.15|6.65]43.96 |6.70 | 44.05 |6.60 | 43.87 |6.46| 43.62 | 6.31 | 43.35 |6.13 | 43.04

11:50]6.75|44.16 |6.66|43.99 |6.71|44.08 |6.63 | 43.936.50|43.70 |6.36 | 43.45|6.18 | 43.13

12:00|7.27|45.09 |6.63|43.93|6.68 | 44.02 |6.65|43.97 |6.53|43.76 | 6.41 | 43.54 |6.27 | 43.28

12:10|7.83]46.09 |6.71|44.08 |6.75|44.14 |16.68 | 44.02 |6.53 | 43.76 | 6.43 | 43.57 |6.32| 43.37

12:208.11|46.60|6.79|44.21 |6.83|44.29 |6.74|44.1416.60|43.89 |6.54 | 43.78 |6.45| 43.62

12:30|8.26 | 46.87|6.86|44.36 |6.90|44.41 |6.80 | 44.24|16.66| 44.00 | 6.65 | 43.97 |6.57 | 43.83

12:40/8.32|46.98 |6.84|44.32|6.86 | 44.34 |6.82 | 44.27 |6.69 | 44.03 | 6.68 | 44.02 | 6.64 | 43.96

12:50|8.25|46.85 |6.86|44.35|6.9044.41 |6.81|44.26 |6.69|44.04|6.72|44.10 |6.73| 44.11

13:00|8.17[46.71|6.86|44.34 |6.89|44.40|6.81|44.25|6.71|44.08 |6.77|44.18|6.79 | 44.22

13:10/8.11|46.60 |6.83|44.29 |6.87 | 44.37 |6.81|44.26 |6.71|44.08 |6.78 | 44.20 |6.83 | 44.29

13:20|7.97 | 46.35|6.88|44.396.92|44.45 |6.87 | 44.36 |6.75| 44.15|6.82 | 44.27 |6.89| 44.39

13:30|8.14|46.65|6.79|44.23 |6.84|44.31 |6.77]44.196.65|43.97 |6.77|44.19 |6.87 | 44.37

13:408.47|47.25|6.82|44.28 |6.87 |44.37 |6.81|44.26 |16.71|44.08 |6.83|44.2916.92 | 44.45

13:50/8.71|47.68 |6.78|44.206.85|44.32 |6.84 | 44.31 |6.73|44.126.88 | 44.39 |6.99| 44.58

Note: T1 and T2 were located in the FRL, T3 and T4 were located in the base layer, and T5 and
T6 were located in the intermediate layer
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Table F.3 Test day temperatures for the 15 in (38 cm) section on 11/29/12

Time
of Day

AlIr

(°C)

F)

TC1

(°C)

F)

TC2

(¢C)

(°F)

TC3

(¢C)

(°F)

TC4

(°C)

F)

TC5

(°C)

F)

TC6

(°C)

°F)

10:10

3.06

37.51

5.46

41.83

5.48

41.86

5.18

41.32

451

40.13

3.69

38.65

2.84

37.12

10:20

4.40

39.93

5.39

41.71

5.43

41.77

5.16

41.30

5.04

41.08

4.30

39.73

3.55

38.39

10:30

5.33

41.60

5.55

41.99

5.56

42.00

5.27

41.48

5.49

41.87

4.79

40.62

4.09

39.35

10:40

6.09

42.97

5.15

41.27

5.20

41.35

4.95

40.90

5.56

42.01

5.01

41.01

4.44

39.99

10:50

7.06

44.71

5.03

41.05

5.08

41.14

4.84

40.72

5.88

42.58

5.42

41.75

4.96

40.93

11:00

8.00

46.40

5.11

41.20

5.13

41.24

4.90

40.83

6.26

43.27

5.92

42.66

5.58

42.04

11:10

8.48

47.26

5.11

41.19

5.14

41.25

4.91

40.85

6.46

43.63

6.22

43.20

5.96

42.74

11:20

9.21

48.58

5.08

41.14

5.12

41.21

491

40.85

6.74

44.13

6.59

43.86

6.44

43.59

11:30

9.90

49.82

5.00

41.00

5.05

41.08

4.85

40.73

6.97

44.54

6.90

44.42

6.85

44.34

11:40

11.04

51.87

5.11

41.20

5.17

41.30

5.00

41.00

7.53

45.55

7.55

45.59

7.59

45.66

11:50

11.74

53.13

5.24

41.42

5.27

41.49

5.08

41.15

7.85

46.13

7.93

46.27

8.04

46.47

12:00

11.74

53.13

5.33

41.59

5.33

41.59

5.11

41.20

7.88

46.18

7.99

46.38

8.16

46.69

12:10

11.88

53.38

5.62

42.12

5.67

42.21

5.48

41.86

8.15

46.67

8.34

47.01

8.55

47.39

12:20

12.04

53.67

5.23

41.41

5.28

41.50

5.17

41.30

7.99

46.38

8.32

46.98

8.69

47.64

12:30

12.19

53.94

5.06

41.10

5.11

41.20

4.99

40.99

7.94

46.29

8.37

47.07

8.85

47.93

12:40

12.25

54.05

5.06

41.11

5.11

41.21

4.97

40.95

7.96

46.33

8.43

47.17

8.94

48.09

12:50

12.34

54.21

5.08

41.14

5.13

41.24

4.99

40.98

8.00

46.40

8.51

47.32

9.06

48.31

13:00

12.33

54.19

5.08

41.14

5.12

41.21

4.99

40.97

7.99

46.38

8.55

47.39

9.16

48.49

13:10

12.68

54.82

5.19

41.33

5.22

41.39

5.09

41.17

8.18

46.72

8.81

47.86

9.47

49.05

13:20

12.89

55.20

5.17

41.30

5.19

41.34

5.07

41.12

8.25

46.85

8.92

48.06

9.63

49.33

13:30

12.77

54.99

5.15

41.27

5.17

41.31

5.07

41.12

8.20

46.76

8.92

48.06

9.68

49.42

13:40

12.72

54.90

5.28

41.50

5.29

41.52

5.17

41.31

8.24

46.83

9.01

48.22

9.80

49.64

13:50

12.58

54.64

5.14

41.25

5.16

41.29

5.07

41.12

8.12

46.62

8.93

48.07

9.77

49.59

14:00

12.38

54.28

5.20

41.37

5.22

41.39

5.13

41.23

8.07

46.53

8.91

48.04

9.77

49.59

14:10

12.34

54.21

5.39

41.70

5.40

41.72

5.31

41.55

8.15

46.67

9.01

48.22

9.88

49.78

Note: T1 and T2 were located in the FRL, T3 and T4 were located in the base layer, and T5 and
T6 were located in the intermediate layer
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Table F.4 Test day temperatures for the 11 in (28 cm) section on 7/10/13

Time Air TC1 TC2 TC3 TC4

f
[;)ay O | CA | CC) | CR | CCO) | CF) | (CC) | CF) | (°C) | (°F)

10:40 | 37.03 | 98.65 | 26.06 | 78.91 | 26.09 | 78.96 | 26.16 | 79.09 | 26.28 | 79.30

10:50 | 38.95 | 102.11 | 25.96 | 78.73 | 25.98 | 78.76 | 26.13 | 79.03 | 26.25 | 79.25

11:00 | 40.61 | 105.10 | 25.99 | 78.78 | 25.99 | 78.78 | 26.17 | 79.11 | 26.47 | 79.65

11:10 | 42.44 | 108.39 | 26.20 | 79.16 | 26.22 | 79.20 | 26.46 | 79.63 | 26.75 | 80.15

11:20 | 43.64 | 110.55 | 26.58 | 79.84 | 26.59 | 79.86 | 26.90 | 80.42 | 27.27 | 81.09

11:30 | 43.30 | 109.94 | 26.61 | 79.90 | 26.63 | 79.93 | 27.02 | 80.64 | 27.37 | 81.27

11:40 | 43.54 | 110.37 | 26.47 | 79.65 | 26.47 | 79.65 | 26.95 | 80.51 | 27.39 | 81.30

11:50 | 44.33 | 111.79 | 26.50 | 79.70 | 26.52 | 79.74 | 26.99 | 80.58 | 27.51 | 81.52

12:00 | 45.33 | 113.59 | 26.61 | 79.90 | 26.63 | 79.93 | 27.20 | 80.96 | 27.75 | 81.95

12:10 | 45.98 | 114.76 | 26.48 | 79.66 | 26.51 | 79.72 | 27.14 | 80.85 | 27.76 | 81.97

12:20 | 45.80 | 114.44 | 26.76 | 80.17 | 26.81 | 80.26 | 27.51 | 81.52 | 28.09 | 82.56

12:30 | 44.97 | 112.95 | 26.83 | 80.29 | 26.92 | 80.46 | 27.61 | 81.70 | 28.26 | 82.87

12:40 | 45.08 | 113.14 | 26.96 | 80.53 | 27.03 | 80.65 | 27.76 | 81.97 | 28.42 | 83.16

12:50 | 45.35 | 113.63 | 26.82 | 80.28 | 26.91 | 80.44 | 27.71 | 81.88 | 28.43 | 83.17

13:00 | 46.07 | 114.93 | 26.53 | 79.75 | 26.61 | 79.90 | 27.50 | 81.50 | 28.31 | 82.96

13:10 | 46.29 | 115.32 | 26.59 | 79.86 | 26.69 | 80.04 | 27.56 | 81.61 | 28.36 | 83.05

13:20 | 46.05 | 114.89 | 26.72 | 80.10 | 26.81 | 80.26 | 27.73 | 81.91 | 28.58 | 83.44

13:30 | 45.89 | 114.60 | 27.06 | 80.71 | 27.15 | 80.87 | 28.07 | 82.53 | 28.88 | 83.98

13:40 | 44.46 | 112.03 | 27.51 | 81.52 | 27.55 | 81.59 | 28.43 | 83.17 | 29.20 | 84.56

Note: T1 and T2 were located in the FRL and T3 and T4 were located in the base layer
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Table F.5 Test day temperatures for the 13 in (33 cm) section on 7/11/13

Time
of Day

AlIr

TC1

TC2

TC3

TC4

TC5

TC6

69

°F)

C)

°F)

(°C) | CF)

W)

°F)

Q)

P

Q)

P

49

F)

10:20

29.89

85.80

27.06

80.71

26.96/80.53

26.78

80.20

26.62

79.92

26.99

80.58

27.23

81.01

10:30

31.45

88.61

27.23

81.01

27.1080.78

26.90

80.42

26.75

80.15

27.25

81.05

27.59

81.66

10:40

32.31

90.16

27.27

81.09

27.14/80.85

26.98

80.56

26.89

80.40

27.47

81.45

27.92

82.26

10:50

33.95

93.11

27.52

81.54

27.36/81.25

27.12

80.82

27.02

80.64

27.67

81.81

28.17

82.71

11:00

35.45

95.81

27.55

81.59

27.4181.34

27.20

80.96

27.12

80.82

27.87

82.17

28.47

83.25

11:10

36.10

96.98

27.46

81.43

27.3481.21

27.21

80.98

27.19

80.94

28.07

82.53

28.81

83.86

11:20

34.72

94.50

27.46

81.43

27.3681.25

27.25

81.05

27.25

81.05

28.24

82.83

29.08

84.34

11:30

35.08

95.14

27.34

81.21

27.23/81.01

27.13

80.83

27.13

80.83

28.17

82.71

29.11

84.40

11:40

34.64

94.35

27.50

81.50

27.3981.30

27.35

81.23

27.38

81.28

28.44

83.19

29.40

84.92

11:50

34.83

94.69

27.54

81.57

27.42/81.36

27.39

81.30

27.46

81.43

28.56

83.41

29.58

85.24

12:00

36.12

97.02

27.56

81.61

27.4181.34

27.33

81.19

27.41

81.34

28.59

83.46

29.65

85.37

12:10

36.21

97.18

27.63

81.73

27.53/81.55

27.47

81.45

27.55

81.59

28.79

83.82

29.87

85.77

12:20

35.83

96.49

27.79

82.02

27.71/81.88

271.72

81.90

27.82

82.08

29.14

84.45

30.30

86.54

12:30

35.80

96.44

27.54

81.57

27.5081.50

27.56

81.61

27.72

81.90

29.13

84.43

30.39

86.70

12:40

38.15

100.67

26.94

80.49

26.96/80.53

27.09

80.76

27.36

81.25

28.93

84.07

30.36

86.65

12:50

39.10

102.38

27.40

81.32

27.4181.34

27.56

81.61

27.84

82.11

29.46

85.03

30.95

87.71

13:00

39.00

102.20

27.41

81.34

27.44/81.39

27.59

81.66

2791

82.24

29.61

85.30

31.15

88.07

13:10

37.63

99.73

27.40

81.32

27.4581.41

27.65

81.77

27.92

82.26

29.66

85.39

31.27

88.29

13:20

38.69

101.64

27.56

81.61

27.58/81.64

27.81

82.06

28.11

82.60

29.85

85.73

31.49

88.68

13:30

38.84

101.91

27.39

81.30

27.4881.46

27.72

81.90

28.05

82.49

29.87

85.77

31.57

88.83

13:40

39.19

102.54

27.45

81.41

27.51/81.52

27.74

81.93

28.10

82.58

29.97

85.95

31.68

89.02

13:50

37.84

100.11

27.62

81.72

27.65/81.77

27.88

82.18

28.23

82.81

30.14

86.25

31.89

89.40

14:00

40.38

104.68

27.64

81.75

27.6681.79

27.93

82.27

28.30

82.94

30.23

86.41

31.95

89.51

14:10

40.85

105.53

27.68

81.82

27.7281.90

27.99

82.38

28.41

83.14

30.45

86.81

32.27

90.09

14:20

40.20

104.36

27.74

81.93

27.76/81.97

28.10

82.58

28.57

83.43

30.71

87.28

32.67

90.81

14:30

38.90

102.02

27.99

82.38

28.03/82.45

28.34

83.01

28.75

83.75

30.85

87.53

32.78

91.00

14:40

40.67

105.21

27.90

82.22

27.93/82.27

28.23

82.81

28.68

83.62

30.84

87.51

32.82

91.08

Note: T1 and T2 were located in the FRL, T3 and T4 were located in the base layer,

T6 were located in the intermediate layer
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Table F.6 Test day temperatures for the 15 in (38 cm) section on 7/1/13
Time Air TC1 TC2 TC3 TC4 TC5 TC6

of Day| (°C) | (°F) [(°C)|(°F) | (°C)| (°F) [(°C)| (°F) | (°C) | (°F) [ (°C)| (°F) | (°C) | (°F)

10:50 | 23.48|74.26 [27.41|81.34{27.46|81.43(27.42|81.36|27.20(80.96/26.46(79.63/25.72(78.30
11:00 | 24.43|75.97 [28.14(82.65[28.26|82.87(27.99|82.38|27.77(81.99/27.02/80.64/26.27(79.29
11:10 (25.43|77.77 |28.26/82.8728.38/83.08(28.13|82.63|27.84|82.11]27.14/80.8526.37(79.47
11:20 | 26.53| 79.75 [28.24/82.83|28.40/83.12(28.14(82.65|27.88|82.18/27.1980.94/26.46(79.63
11:30 | 26.70| 80.06 [28.61|83.50[28.6983.64 28.39/83.10(28.11|82.60[27.46/81.43/26.7380.11
11:40 {27.02 | 80.64 [28.53/83.35/28.64(83.55(28.36|83.05/28.06|82.51]27.43/81.37|26.7480.13
11:50 (27.32|81.18 |28.62/83.5228.7083.66(28.38/83.08/28.09|82.5627.4781.45[26.78/80.20
12:00 | 27.94|82.29 [28.57|83.43|28.69|83.64 (28.41|83.14|28.09|82.56(27.48/81.46/26.8180.26
12:10 [29.29|84.72 |28.6783.6128.75|83.75(28.43|83.17|28.09|82.5627.50/81.50{26.86/80.35
12:20 (31.01|87.82|28.5183.32[28.57|83.43(28.27|82.89|27.95|82.31]27.43/81.37|26.86/80.35
12:30 | 32.65|90.77 [28.77|83.79|28.81/83.86 (28.48/83.26|28.15|82.67|27.66/81.79/27.11/80.80
12:40 | 34.33|93.79 [28.86/83.95[28.89/84.00(28.56|83.41|28.21|82.78/27.80/82.04|27.31/81.16
12:50 {38.21|100.78/28.88/83.98/28.88/83.98(28.51|83.32|28.16|82.69]27.85(82.13[27.50[81.50
13:00 [40.54104.97|29.93/85.8729.87|85.77(29.41/84.94/28.94|84.09]28.67/83.6128.33/82.99
13:10 {38.80|101.84{30.50[86.90[30.45|86.81(29.97|85.95/29.50(85.10[29.33/84.7929.0984.36
13:20 [36.92|98.46 [30.09/86.16/30.05|86.09(29.64(85.35|29.21|84.58]29.2384.6129.20[84.56
13:30 [36.07|96.93 |29.72/85.50[29.70|85.46(29.31|84.76|28.91|84.04{29.02/84.24(29.10/84.38
13:40 | 36.81|98.26 [29.45/85.01(29.41/84.94(29.0284.24|28.59|83.46/28.81/83.86/28.99/84.18
13:50 [39.98|103.96|29.63/85.33]29.57|85.23(29.13|84.43|28.63|83.53]28.91/84.04(29.15/84.47
14:00 [39.61|103.30[30.22/86.40[30.15|86.27(29.74(85.53|29.28|84.70[29.62/85.32{29.90/85.82
14:10 | 38.84{101.91/30.14(86.25/30.08/86.14 29.69/85.44|29.26 |84.67|29.75(85.55/30.19(86.34
14:20 36.08|96.94 [30.50[86.90[30.42/86.76{30.00{86.00/29.55|85.19]30.08/86.14(30.55/86.99
14:30 [33.86|92.95|29.22/84.60[29.10|84.38(28.89|84.00|28.61|83.50[29.38/84.88(30.11/86.20

Note: T1 and T2 were located in the FRL, T3 and T4 were located in the base layer, and T5 and
T6 were located in the intermediate layer
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Appendix G: Strain gauge data from CVL tests on DEL-23.
Winter data

Table G.1 Maximum strains (ue) for the 11 in (28 cm) section with tire pressure of 80 psi (552 kPa) — Winter data

Longitudinal Strain Gages | Transverse Strain Gages

Longitudinal Strain Gages Located in the FRL Located in the Base Layer | Located in the Base Layer

Run

KM-001|KM-002| KM-003|PM-001 |PM-002 | PM-003 | KM-004 |KM-006| PM-005 [KM-005| PM-004 | PM-006

Single Axle 5 mph (8 km/h) Test Runs

1 | 4098 | 58,53 | 52.69 | 38.12 | 4245 | 43.32 | 1157 | 17.90 | 1226 | 952 | 1047 | 9.00

2 | 39.07 | 57.62 | 50.32 | 39.16 | 4230 | 43.34 | 11.96 | 1855 | 1441 | 957 9.95 | 10.18

3 | 40.34 | 60.85 | 52.54 | 39.94 | 4345 | 44.66 | 12.26 | 18.64 | 1295 | 9.65 | 1051 | 9.35

Tandem Axle 5 mph (8 km/h) Test Runs

1| 2214 | 28.16 | 27.33 | 18.73 | 23.19 | 21.65 6.41 9.78 9.31 2.67 5.68 7.55

2 | 2111 | 31.00 | 26.78 | 21.11 | 23.43 | 24.18 7.84 10.82 | 10.02 | 5.28 8.67 9.36

3 [ 21.65 | 31.98 | 25.08 | 20.76 | 24.01 | 25.01 6.59 10.81 | 9.99 3.22 7.79 8.74

Single Axle 30 mph (48 km/h) Test Runs

1 | 3345 | 46.88 | 39.39 | 37.75 | 39.61 | 40.25 | 10.05 | 1451 | 1142 | 7.12 9.63 8.12

2 | 30.60 | 4423 | 39.20 | 38.04 | 38.25 | 37.15 | 10.02 | 14.84 | 11.34 | 6.89 9.39 7.63

3 | 35.82 | 50.72 | 42.07 | 34.15 | 37.22 | 39.78 | 10.75 | 15.13 | 10.61 | 8.12 8.34 7.36

Tandem Axle 30 mph (48 km/h) Test Runs

1 | 1924 | 2727 | 2235 | 18.83 | 21.65 | 20.46 6.22 8.77 8.26 2.12 4.15 6.19

2 | 17.68 | 2580 | 21.68 | 19.12 | 19.88 | 21.68 5.53 8.40 6.73 1.90 1.92 3.78

3 | 1893 | 2750 | 23.90 | 18.04 | 19.72 | 21.46 5.46 9.06 6.48 2.10 2.63 4.52

Single Axle 55 mph (89 km/h) Test Runs

1 | 2736 | 3848 | 33.80 | 32.80 | 32.20 | 32.16 7.95 11.87 | 9.60 6.32 7.94 7.20

2 | 27.27 | 3881 | 35.08 | 31.09 | 31.30 | 31.58 7.87 11.34 | 8.42 5.61 741 6.21

3 | 28.07 | 39.15 | 32.64 | 3432 | 33.73 | 32.72 8.69 11.31 | 9.79 6.36 7.95 7.38

Tandem Axle 55 mph (89 km/h) Test Runs

1 | 16.63 | 25,53 | 2442 | 16.36 | 18.58 | 19.75 5.23 7.63 6.14 3.84 5.50 6.85

2 | 16.82 | 2417 | 2234 | 14.72 | 15.37 | 19.79 4.94 8.01 5.78 4.87 6.47 6.67

3 | 1768 | 2477 | 17.73 | 17.72 | 16.53 | 17.41 4.36 7.08 5.47 3.01 5.23 6.37
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Table G.2 Maximum strains (ue) for the 11 in (28 cm) section with tire pressure of 110 psi (758 kPa) — Winter data

Longitudinal Strain Gages Transverse Strain Gages

Longitudinal Strain Gages Located in the FRL Located in the Base Layer Located in the Base Layer

Run

KM-001[KM-002|KM-003{PM-001 [PM-002|PM-003 | KM-004 [ KM-006 | PM-005 | KM-005 |PM-004 | PM-006

Single Axle 5 mph (8 km/h) Test Runs

1 | 39.15 | 65.57 | 52.97 | 41.72 | 44.54 | 47.63 14.70 21.06 18.02 11.66 | 1145 | 1145

N

39.29 | 61.75 | 50.74 | 38.86 | 43.77 | 43.03 13.43 20.05 13.63 10.10 | 10.82 9.29

3 | 4437 | 68.49 | 34.13 | 40.09 | 46.66 | 46.26 15.12 15.48 16.15 10.84 | 12.32 | 12.08

Tandem Axle 5 mph (8 km/h) Test Runs

1 | 21.73 | 3320 | 26.27 | 20.16 | 22.79 | 23.03 9.05 10.64 10.61 6.16 10.87 | 10.22

2 | 20.84 | 31.49 | 27.34 | 20.34 | 22.87 | 24.39 7.92 11.43 10.59 5.21 9.58 10.59

3 | 22.71 | 32.62 | 29.18 | 20.55 | 23.67 | 25.05 8.62 12.12 11.16 6.81 1046 | 1147

Single Axle 30 mph (48 km/h) Test Runs

1 | 3954 | 58.82 | 49.19 | 32.04 | 3533 | 41.29 13.61 19.22 12.95 10.61 7.99 9.15

2 | 37.29 | 54.88 | 48.25 | 29.54 | 3257 | 39.55 12.00 16.76 10.33 8.77 8.39 6.70

3 | 3762 | 57.85 | 50.21 | 30.87 | 34.44 | 40.78 13.25 18.72 12.60 9.73 8.13 9.28

Tandem Axle 30 mph (48 km/h) Test Runs

1 | 1852 | 26.26 | 25.56 | 17.4 | 18.52 | 20.74 5.74 9.27 7.15 3.14 2.95 4.05

2 [ 1791 | 2534 | 2466 | 16.53 | 18.23 | 20.09 5.36 8.96 7.55 2.37 4.19 6.29

3 | 1825 | 26.70 | 27.15 | 20.95 | 19.41 | 22.07 5.12 9.18 9.17 2.27 4.27 6.05

Single Axle 55 mph (89 km/h) Test Runs

1 | 35.27 | 48.8 | 40.86 | 36.26 | 38.42 | 39.19 10.99 14.66 11.45 8.65 9.39 8.69

2 | 31.93 | 45.15 | 38.67 | 3555 | 35.06 | 37.05 9.20 12.68 9.36 12.68 8.53 6.31

3 | 33.88 | 4894 | 39.8 | 38.08 | 38.87 | 40.27 10.70 15.02 12.61 8.67 10.04 9.96

Tandem Axle 55 mph (89 km/h) Test Runs

1 ] 19.06 | 30.17 | 23.65 | 15.66 | 18.19 | 16.66 4.27 8.94 5.25 4.34 1.33 2.36

2 | 16.21 | 29.64 | 22.59 | 14.89 | 17.16 | 16.23 4.84 8.02 6.83 2.13 3.56 5.64

3 [ 19.16 | 28.98 | 20.79 | 20.03 | 19.74 | 18.45 4.81 7.49 6.11 2.08 2.75 4.78
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Table G.3 Maximum strains (ue) for the 11 in (28 cm) section with tire pressure of 125 psi (862 kPa) — Winter data

Longitudinal Strain Gages Transverse Strain Gages

Longitudinal Strain Gages Located in the FRL Located in the Base Layer | Located in the Base Layer

Run

KM-001[KM-002|KM-003{PM-001 [PM-002 |PM-003| KM-004 | KM-006 [PM-005| KM-005 [PM-004| PM-006

Single Axle 5 mph (8 km/h) Test Runs

1 | 40.02 | 61.18 | 50.17 | 41.48 | 43.07 | 43.69 14.87 23.05 | 1526 | 11.71 | 12.74 | 11.06

N

39.86 | 60.78 | 51.95 | 42.04 | 43.27 | 45.40 16.88 23.71 | 16.93 | 1257 | 1254 | 12.23

3 | 4190 | 59.68 | 54.14 | 40.94 | 42.38 | 46.23 15.48 22.89 | 17.11 | 12.07 | 1257 | 11.84

Tandem Axle 5 mph (8 km/h) Test Runs

1 | 2196 | 2838 | 26.9 | 20.32 | 22.58 | 22.72 9.08 13.48 | 10.43 9.14 10.95 | 10.04

2 | 19.88 | 32.38 | 26.93 | 20.53 | 22.37 | 22.19 7.45 10.72 8.91 3.61 2.29 4.99

3 | 21.62 | 31.62 | 28.18 | 20.93 | 23.59 | 24.16 7.67 11.08 | 11.07 3.42 7.57 9.53

Single Axle 30 mph (48 km/h) Test Runs

1 | 3065 | 4758 | 4594 | 34.85 | 34.14 | 35.11 11.81 18.04 | 12.63 8.90 10.86 7.73

2 | 30.53 | 50.10 | 47.63 | 33.77 | 33.58 | 33.82 12.10 18.20 | 12.82 9.19 10.85 8.76

3 | 3122 | 48.08 | 45.67 | 35.15 | 33.83 | 35.68 11.34 17.35 | 12.14 8.74 9.96 7.78

Tandem Axle 30 mph (48 km/h) Test Runs

1 ] 1859 | 2452 | 23.63 | 17.70 | 19.02 | 19.86 6.15 9.55 7.48 3.09 2.24 4.19

2 | 16.79 | 29.24 | 20.40 | 16.55 | 21.06 | 21.23 7.11 9.83 8.86 4.75 7.90 9.09

3 | 1406 | 28.87 | 22.46 | 18.22 | 1852 | 22.31 6.03 8.33 8.54 2.33 4.30 6.51

Single Axle 55 mph (89 km/h) Test Runs

1 | 35.23 | 51.81 | 45.77 | 32.47 | 35.22 | 38.74 11.85 17.73 | 12.30 9.82 9.24 9.61

2 | 26.37 | 39.80 | 38.58 | 25.03 | 25.54 | 28.01 7.68 12.47 6.22 5.45 3.34 2.67

3 | 33.02 | 4944 | 44.18 | 31.22 | 32.92 | 36.91 11.79 16.64 | 11.81 9.33 9.18 9.28

Tandem Axle 55 mph (89 km/h) Test Runs

1 | 16.79 | 23.77 | 21.81 | 17.93 | 17.27 | 19.27 6.25 8.49 7.76 6.60 8.35 9.13

2 | 1576 | 2445 | 2090 | 16.41 | 17.17 | 18.90 6.05 7.99 8.03 441 8.76 8.54

3 | 18.27 | 30.18 | 23.49 | 16.63 | 18.98 | 17.21 5.28 9.14 6.77 2.30 3.89 5.93
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Table G.4 Maximum strains (ue) for the 13 in (33 cm) section with tire pressure of 80 psi (552 kPa) — Winter data
Longitudinal Strain Gages Located [ Longitudinal Strain Gages Transverse Strain Gages
Run in the FRL Located in the Base Layer Located in the Base Layer
KM-001|KM-002|KM-003[PM-003| KM-005 | KM-008 | PM-005 | KM-007 | PM-004 | PM-006
Single Axle 5 mph (8 km/h) Test Runs
1 | 2941 | 32.37 | 29.41 | 31.33 | 10.91 10.45 14.12 12.52 12.28 | 13.24
31.18 | 3245 | 29.19 | 32,11 | 11.59 10.71 15.01 12.98 1443 | 13.84
3 | 30.71 | 3346 | 29.91 | 31.61 | 11.06 10.76 14.68 12.27 12.62 | 13.13
Tandem Axle 5 mph (8 km/h) Test Runs
1 | 1477 | 16.82 | 1570 | 16.39 | 5.63 5.57 7.37 6.32 4.60 4.90
2 | 1499 | 16.70 | 15.69 | 16.39 [ 5.90 5.40 7.60 4.77 4.68 4.83
3 | 1478 | 16.80 | 15.89 | 16.29 | 5.83 5.28 7.09 4.82 4.64 5.01
Single Axle 30 mph (48 km/h) Test Runs
1 25.73 | 26.70 | 24.99 | 28.51 9.48 8.76 11.48 10.21 11.17 11.33
2 | 25.61 | 26.23 | 2457 | 28.26 | 9.49 8.10 11.76 11.07 10.95 | 11.33
3 | 26.18 | 27.39 | 25,61 | 26.68 | 9.17 8.41 10.48 10.53 10.30 | 10.49
Tandem Axle 30 mph (48 km/h) Test Runs
1 12.21 | 14.01 | 13.43 | 13.50 4.83 4.62 7.04 5.51 4.72 5.50
2 | 12.89 | 14.08 | 1341 | 1391 | 5.22 4.93 6.31 5.23 5.42 6.31
3 | 11.85 | 13.83 | 13.72 | 13.77 | 4.07 4.95 5.76 3.90 3.50 4.39
Single Axle 55 mph (89 km/h) Test Runs
1 | 20.87 | 21.93 | 2245 | 22.94 | 7.40 7.07 9.20 8.86 9.36 9.06
2 | 22,25 | 23.20 | 23.67 | 24.48 | 8.10 6.83 9.29 8.78 9.65 9.12
3 | 19.65 | 20.79 | 21.57 | 20.83 | 7.03 6.88 8.24 8.51 8.17 7.73
Tandem Axle 55 mph (89 km/h) Test Runs
1 | 10.14 | 11.25 | 12.07 | 12.06 | 4.08 3.84 5.83 5.24 5.94 5.70
2 | 10.70 | 11.99 | 1250 | 12.37 | 4.16 4.29 5.29 3.43 3.06 3.93
3 | 1125 | 1157 | 1155 | 13.20 | 4.67 3.66 5.76 4.48 3.91 4.18

N
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Table G.5 Maximum strains (ue) for the 13 in (33 cm) section with tire pressure of 110 psi (758 kPa) — Winter data
Longitudinal Strain Gages Located [ Longitudinal Strain Gages Transverse Strain Gages
Run in the FRL Located in the Base Layer Located in the Base Layer
KM-001|KM-002|KM-003[PM-003| KM-005 | KM-008 | PM-005 | KM-007 | PM-004 | PM-006
Single Axle 5 mph (8 km/h) Test Runs
1 | 30.54 | 30.67 | 30.65 | 31.10 | 12.16 10.61 15.00 12.35 13.61 | 12.35
31.40 | 31.90 | 31.18 | 31.07 | 12.23 11.23 16.02 13.58 1441 | 13.91
3 30.58 | 32.22 | 30.25 | 31.25 | 12.18 11.47 15.58 13.43 13.71 13.43
Tandem Axle 5 mph (8 km/h) Test Runs
1 | 1448 | 17.14 | 1584 | 16.61 | 5.78 5.88 8.03 6.73 7.07 7.72
2 1455 | 16.51 | 15.28 | 16.90 5.77 5.59 7.19 5.65 4,75 4.61
3 15.78 | 17.40 | 16.19 | 16.18 6.15 5.56 8.27 6.40 5.93 7.24
Single Axle 30 mph (48 km/h) Test Runs
1 | 2583 | 25.09 | 2446 | 28.19 | 9.73 8.28 12.33 10.26 12.03 | 10.72
2 | 24.63 | 24.73 | 2391 | 28.44 | 10.17 8.78 13.48 10.63 12.58 | 12.09
3 | 2441 | 2590 | 25.80 | 25.96 | 9.50 9.10 11.92 10.41 11.49 | 10.18
Tandem Axle 30 mph (48 km/h) Test Runs
1 12.09 | 13.16 | 12.97 | 13.66 5.10 4.90 7.27 6.54 7.10 7.01
2 | 12,28 | 1419 | 13.26 | 1351 | 4.79 4.40 6.57 3.81 3.54 4.32
3 | 1223 | 13.79 | 13.04 | 13.48 | 4.97 4.70 6.12 3.75 3.63 4.12
Single Axle 55 mph (89 km/h) Test Runs
1 | 2582 | 27.18 | 26.77 | 26.61 | 8.94 9.10 11.13 11.43 8.05 8.22
2 | 2475 | 25.28 | 24.69 | 26.18 | 8.62 7.78 11.09 10.30 10.65 | 10.43
3 | 2424 | 2452 | 2391 | 2545 | 8.49 8.02 10.70 10.03 9.41 10.72
Tandem Axle 55 mph (89 km/h) Test Runs
1 | 1132 | 13.16 | 13.68 | 11.44 | 4.38 3.99 5.05 3.84 3.11 3.73
2 | 13.09 | 13.17 | 11.91 | 12.68 | 4.39 4.03 5.82 3.93 4.55 4.64
3 | 1055 | 12,10 | 12.29 | 11.86 | 4.040 3.88 5.51 4.13 4.13 3.34

N
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Table G.6 Maximum strains (ue) for the 13 in (33 cm) section with tire pressure of 125 psi (862 kPa) — Winter data
Longitudinal Strain Gages Located [ Longitudinal Strain Gages Transverse Strain Gages
Run in the FRL Located in the Base Layer Located in the Base Layer
KM-001|KM-002|KM-003[PM-003| KM-005 | KM-008 | PM-005 | KM-007 | PM-004 | PM-006
Single Axle 5 mph (8 km/h) Test Runs
1 | 3246 | 30.02 | 31.07 | 33.70 | 12.02 11.34 15.89 14.11 14.21 | 14.07
3219 | 3453 | 31.32 | 32.03 | 13.82 11.50 14.93 14.63 15.87 | 15.25
3 | 3316 | 31.29 | 30.40 | 30.43 | 12.47 11.27 14.88 12.96 15.21 | 13.22
Tandem Axle 5 mph (8 km/h) Test Runs
1 | 1452 | 1521 | 1479 | 16.70 | 6.58 6.65 9.16 8.14 9.06 8.54
2 15.80 | 16.89 | 16.11 | 16.89 5.56 5.80 1.77 4.55 5.11 5.99
3 | 1466 | 16.35 | 15.65 | 1599 | 6.28 5.76 8.47 7.45 7.72 8.28
Single Axle 30 mph (48 km/h) Test Runs
1 | 2348 | 2447 | 24.37 | 26.76 | 10.06 9.43 13.68 10.75 13.00 | 11.98
2 | 25.18 | 26.58 | 27.00 | 26.69 | 10.16 9.83 12.80 11.35 12.17 | 11.98
3 | 2430 | 25.14 | 26.33 | 26.54 | 9.56 8.63 11.80 9.94 11.00 9.40
Tandem Axle 30 mph (48 km/h) Test Runs
1 12.02 | 13.12 | 13.22 | 1391 4.95 4.88 6.41 5.72 5.10 5.49
2 | 12,74 | 13.10 | 13.90 | 13.22 | 5.30 5.13 7.51 6.05 6.29 6.29
3 | 1159 | 12.64 | 1299 | 13.2 5.38 4.97 7.39 6.65 7.14 7.31
Single Axle 55 mph (89 km/h) Test Runs
1 | 2440 | 2296 | 23.71 | 2545 | 7.95 6.90 10.73 8.50 9.26 8.75
2 | 2293 | 2349 | 2249 | 2550 | 8.44 8.21 11.15 10.15 11.13 | 10.46
3 | 2196 | 22.86 | 22.18 | 24.60 | 7.98 7.56 10.73 9.57 10.70 9.95
Tandem Axle 55 mph (89 km/h) Test Runs
1 | 13.09 | 13.17 | 1191 | 12.68 | 4.39 4.03 5.82 3.93 4.55 4.64
2 | 11.85 | 12,67 | 1254 | 11.97 | 4.15 4.00 5.87 5.21 4.92 5.79
3 | 1249 | 1329 | 1257 | 1230 | 4.35 4.02 5.79 4.94 5.19 5.84

N
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Table G.7 Maximum strains (ue) for the 15 in (38 cm) section with tire pressure of 80 psi (552 kPa) — Winter data
Longitudinal Strain Gages Located [ Longitudinal Strain Gages Transverse Strain Gages
Run in the FRL Located in the Base Layer Located in the Base Layer
PM-001|PM-002[PM-003|KM-001| PM-005 | KM-005 | KM-008 | PM-004 | PM-006 | KM-007
Single Axle 5 mph (8 km/h) Test Runs
1 | 39.95 | 43.18 | 37.27 | 38.61 | 16.53 NA 11.37 11.88 | 14.70 11.22
40.78 | 40.84 | 38.88 | 38.29 | 16.65 NA 10.81 11.71 | 12.05 11.58
3 | 40.11 | 40.89 | 37.09 | 38.48 | 16.57 NA 10.52 12.37 | 15.23 11.62
Tandem Axle 5 mph (8 km/h) Test Runs
1 | 2458 | 24.80 | 20.63 | 20.18 9.04 NA 5.85 5.66 6.97 5.25
2 | 24.36 | 23.10 | 18.52 | 19.95 8.46 NA 5.75 5.80 7.33 5.66
3 | 2429 | 25.12 | 20.20 | 20.8 9.16 NA 5.65 5.87 7.17 5.32
Single Axle 30 mph (48 km/h) Test Runs
1 | 3293 | 3530 | 32.11 | 30.75 | 13.49 NA 8.63 8.81 12.23 9.06
2 | 30.60 | 32.85 | 30.50 | 31.09 | 12.72 NA 9.57 9.17 11.30 9.66
3 | 29.37 | 30.87 | 28.37 | 29.83 | 12.39 NA 9.12 8.67 10.77 9.84
Tandem Axle 30 mph (48 km/h) Test Runs
1 18.61 | 20.63 | 18.07 | 17.26 7.35 NA 5.44 5.09 6.24 5.37
2 | 19.03 | 1953 | 16.13 | 16.32 7.61 NA 5.43 5.41 6.46 4.60
3 | 2183 | 2281 | 17.28 | 16.01 9.47 NA 4.53 5.03 5.78 5.42
Single Axle 55 mph (89 km/h) Test Runs
1 | 2281 | 24.77 | 23.67 | 22.84 9.56 NA 7.14 6.79 7.83 7.60
2 | 25.84 | 2857 | 2848 | 2791 | 11.18 NA 8.09 7.63 9.22 8.43
3 | 2489 | 26.82 | 26.20 | 25.56 | 10.66 NA 7.56 6.88 9.62 8.47
Tandem Axle 55 mph (89 km/h) Test Runs
1 | 13.92 | 1837 | 1596 | 14.68 6.00 NA 4.68 3.84 5.04 451
2 | 1457 | 17.64 | 1596 | 13.82 5.93 NA 4.54 4.27 6.13 3.82
3 | 1478 | 18.27 | 16.58 | 14.55 6.22 NA 4.70 4.42 5.55 4.19

N
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Table G.8 Maximum strains (ue) for the 15 in (38 cm) section with tire pressure of 110 psi (758 kPa) — Winter data
Longitudinal Strain Gages Located [ Longitudinal Strain Gages Transverse Strain Gages
Run in the FRL Located in the Base Layer Located in the Base Layer
PM-001|PM-002[PM-003|KM-001| PM-005 | KM-005 | KM-008 | PM-004 | PM-006 | KM-007
Single Axle 5 mph (8 km/h) Test Runs
1 40.29 | 39.04 | 36.77 | 37.49 17.57 NA 11.68 12.70 15.35 11.97
38.88 | 40.34 | 38.24 | 37.54 | 18.10 NA 11.13 12.26 | 15.64 12.44
3 | 39.14 | 40.15 | 38.59 | 36.96 | 18.07 NA 11.51 12.04 | 15.28 11.82
Tandem Axle 5 mph (8 km/h) Test Runs
1 | 2355 | 2282 | 20.11 | 19.24 9.23 NA 5.72 6.07 7.80 6.32
2 | 2298 | 23.60 | 18.95 | 19.45 8.94 NA 5.68 571 6.91 5.41
3 23.66 | 23.02 | 19.81 | 19.45 9.45 NA 5.99 5.98 7.27 5.40
Single Axle 30 mph (48 km/h) Test Runs
1 | 3151 | 3351 | 32.81 | 31.09 | 14.89 NA 9.25 9.98 12.53 10.28
2 | 30.78 | 33.69 | 33.17 | 31.88 | 13.88 NA 9.68 9.48 12.43 10.20
3 | 29.63 | 33.69 | 3251 | 32.28 | 14.19 NA 9.65 9.52 12.58 10.64
Tandem Axle 30 mph (48 km/h) Test Runs
1 18.84 | 21.24 | 16.48 | 16.97 7.80 NA 5.15 5.25 5.77 4.98
2 | 19.86 | 21.97 | 16.74 | 1591 8.77 NA 5.24 5.76 6.30 4.87
3 18.62 | 20.58 | 15.87 | 15.64 8.43 NA 5.11 5.12 6.07 5.27
Single Axle 55 mph (89 km/h) Test Runs
1 | 25,62 | 23.16 | 2559 | 2355 | 12.12 NA 6.43 7.75 7.48 6.63
2 25.81 | 26.18 | 26.07 24.4 11.50 NA 7.34 8.09 9.51 1.47
3 | 29.48 | 29.74 | 26.15 | 23.76 | 13.56 NA 6.73 10.05 | 10.01 7.61
Tandem Axle 55 mph (89 km/h) Test Runs
1 | 23.08 | 22.31 | 13.89 | 13.62 9.82 NA 3.97 5.83 6.21 4.54
2 | 2213 | 20.74 | 13.30 | 13.17 8.97 NA 4.78 5.61 5.88 4.66
3 | 2096 | 22.14 | 1451 | 13.04 8.68 NA 4.72 5.10 6.20 4.68

N
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Table G.9 Maximum strains (ue) for the 15 in (38 cm) section with tire pressure of 125 psi (862 kPa) — Winter data
Longitudinal Strain Gages Located [ Longitudinal Strain Gages Transverse Strain Gages
Run in the FRL Located in the Base Layer Located in the Base Layer
PM-001|PM-002[PM-003|KM-001| PM-005 | KM-005 | KM-008 | PM-004 | PM-006 | KM-007
Single Axle 5 mph (8 km/h) Test Runs
1 | 3557 | 32.61 | 34.24 | 3350 | 16.56 11.60 10.44 12.10 | 13.49 11.26
39.30 | 35.40 | 37.36 | 34.76 | 18.23 11.59 10.31 13.03 | 15.44 12.66
3 36.45 | 38.20 | 35.33 | 35.90 17.24 12.44 11.31 13.34 15.14 12.06
Tandem Axle 5 mph (8 km/h) Test Runs
1 | 2172 | 23.04 | 19.33 | 18.95 9.96 6.54 5.99 6.99 8.46 6.32
2 | 2418 | 23.16 | 19.69 | 17.88 8.74 6.98 6.30 6.48 8.15 6.35
3 | 2236 | 21.32 | 18.88 | 19.44 9.93 6.62 6.15 7.46 7.64 6.30
Single Axle 30 mph (48 km/h) Test Runs
1 | 28.08 | 32.23 | 33.23 | 3191 | 14.30 10.84 9.01 9.48 12.53 10.62
2 | 3057 | 32.47 | 31.06 | 28.90 | 15.00 10.24 8.28 9.67 11.96 8.33
3 | 2571 | 2347 | 27.30 | 26.08 | 13.05 8.97 8.36 7.91 8.39 7.58
Tandem Axle 30 mph (48 km/h) Test Runs
1 18.84 | 19.84 | 16.12 | 14.15 9.33 5.32 4.91 5.76 7.05 5.75
2 | 17.19 | 20.11 | 17.28 | 16.32 7.61 6.13 5.14 5.15 5.86 5.32
3 | 17.83 | 19.52 | 17.03 | 16.24 7.72 6.29 5.36 5.39 6.72 5.97
Single Axle 55 mph (89 km/h) Test Runs
1 | 2373 | 2383 | 2271 | 19.89 | 11.72 7.23 6.27 8.86 9.03 7.07
2 | 25.20 | 26.83 | 24.64 | 2258 | 11.89 7.56 7.51 9.31 9.67 7.38
3 | 26.04 | 27.83 | 26.23 | 23.15 | 12.98 8.11 8.13 9.04 10.08 7.42
Tandem Axle 55 mph (89 km/h) Test Runs
1 |19.29 | 20.04 | 14.20 | 12.66 9.58 4.20 4.70 5.48 5.45 5.01
2 | 1930 | 21.24 | 1447 | 1241 9.15 4.58 4.78 5.48 6.22 4.70
3 | 19.30 | 21.30 | 14.89 | 12.56 9.45 5.09 5.57 5.64 6.12 4.98

N
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Table G.10 Maximum strains (ue) during tandem axle testing on the 11 in (28 cm) section — Winter data

Longitudinal Strain Gages

Transverse Strain Gages

< | Speed| Speed Longitudinal Strain Gages Located in the FRL Located in the Base Layer | Located in the Base Layer

= | (mph) | (ki) 50T [KM-002]KMI-003] PMI-001 | PM-002 | PM-003 |KM-004]KM-006] PM-005 | KM-005]PM-004] PM-006
80 psi (552 kPa) Test Runs

2 5 8 21.11 | 31.00 | 26.78 | 21.11 | 23.43 | 24.18 6.91 10.10 8.24 1.79 2.74 3.10

1| 30 48 19.24 | 27.27 | 22.35 | 18.83 | 21.65 | 20.46 6.22 8.77 8.26 2.12 0.91 1.90

3| 55 89 17.68 | 24.77 | 17.73 | 17.72 | 1653 | 1741 | 4.36 5.85 4.98 1.62 1.72 2.23
110 psi (758 kPa) Test Runs

2 5 8 20.84 | 3149 | 27.34 | 20.34 | 22.87 | 24.39 6.51 10.59 9.07 2.03 2.31 3.69

2| 30 48 1791 | 2534 | 24.66 | 16.53 | 18.23 | 20.09 | 5.36 8.36 6.32 2.37 1.54 2.13

2| 55 89 16.21 | 29.64 | 2259 | 14.89 | 17.16 | 14.81 | 3.75 5.65 6.83 2.13 1.48 1.79
125 psi (862 kPa) Test Runs

3 3) 8 21.62 | 31.62 | 28.18 | 20.93 | 23.59 | 24.16 7.67 11.08 8.87 2.80 2.00 3.34

2| 30 48 15.12 | 29.24 | 20.40 | 16.55 | 21.06 | 21.23 6.06 8.06 7.95 2.46 2.70 3.36

2| 55 89 11.94 | 2445 | 2090 | 14.77 | 1565 | 17.50 | 4.09 7.77 5.30 2.16 3.48 3.38
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Table G.11 Maximum strains (ue) during tandem axle testing on the 13 in (33 cm) section —

Winter data
Speed | Speed Longitud_inal Strain Gages Transve_rse Strain Gages
Run (mph) | (km/h) Located in the Base Layer Located in the Base Layer
KM-005 | KM-008 | PM-005 | KM-007 [ PM-004 | PM-006
80 psi (552 kPa) Test Runs
1 5 8 5.63 5.57 7.37 4.60 4.60 4.90
2 30 48 4.95 4.93 6.04 4.50 4.02 4.19
3 55 89 4.67 3.66 5.76 3.19 3.82 3.86
110 psi (758 kPa) Test Runs
1 5 8 5.78 5.35 7.85 5.25 4.82 5.75
2 30 48 4.79 4.40 6.57 3.81 3.54 4.32
3 55 89 4.04 3.60 5.51 3.07 3.20 3.72
125 psi (862 kPa) Test Runs
3 5 8 5.68 4.95 7.22 5.21 441 5.25
1 30 48 4.90 4.12 6.12 4.22 3.97 4.65
3 55 89 4.35 4.02 5.39 4.15 4.18 3.65

Table G.12 Maximum strains (ue) during tandem axle testing on the 15 in (38 cm) section —

Winter data
Speed | Speed Longitud_inal Strain Gages Transve.rse Strain Gages
Run (mph) | (km/h) Located in the Base Layer Located in the Base Layer
PM-005 | KM-005 | KM-008 | PM-004 | PM-006 [ KM-007
80 psi (552 kPa) Test Runs
1 5 8 5.63 5.57 7.37 4.60 4.60 4.90
2 30 48 4.95 4.93 6.04 4.50 4.02 4.19
3 55 89 4.67 3.66 5.76 3.19 3.82 3.86
110 psi (758 kPa) Test Runs
1 5 8 5.78 5.35 7.85 5.25 4.82 5.75
2 30 48 4.79 4.40 6.57 3.81 3.54 4.32
3 55 89 4.04 3.60 5.51 3.07 3.20 3.72
125 psi (862 kPa) Test Runs
3 5 8 5.68 4.95 7.22 5.21 4.41 5.25
1 30 48 4.90 4.12 6.12 4.22 3.97 4.65
3 55 89 4.35 4.02 5.39 4.15 4.18 3.65
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Table G.13 Additional maximum strains (ue) during testing on the 13 in (33 cm) section —
Winter data

Speed | Speed FRL Intermed@ate Intermediate
Run (mph) | (km/h) Truck [Transverse| Longitudinal Transverse
PM-002 |KM-011|KM-013| KM-010 | KM-012
80 psi (552 kPa) Test Runs
3 5 8 Single 32.43 22.80 | 39.27 36.48 38.78
1 5 8 Tandem 18.21 10.34 | 14.34 27.11 32.92
3 30 48 Single 26.26 17.19 | 28.46 17.20 21.51
2 30 48 Tandem 14.59 8.39 12.75 23.12 26.61
1 55 89 Single 22.81 11.77 19.60 14.75 16.95
3 55 89 Tandem 13.80 6.03 8.00 20.19 21.65
110 psi (758 kPa) Test Runs
1 5 8 Single 33.58 22.11 | 33.71 19.12 19.56
1 5 8 Tandem 17.95 20.50 | 15.00 30.25 33.77
2 30 48 Single 29.71 19.95 | 28.69 20.92 21.65
2 30 48 Tandem 15.00 9.04 10.10 17.25 20.75
1 55 89 Single 26.13 14.04 | 24.72 18.52 21.83
3 55 89 Tandem 13.05 5.32 7.22 19.10 21.21
125 psi (862 kPa) Test Runs
1 5 8 Single 33.32 22.61 | 40.24 20.83 19.46
3 5 8 Tandem 17.49 9.61 14.50 27.62 31.26
2 30 48 Single 27.44 18.53 | 30.19 17.10 19.46
1 30 48 Tandem 14.58 6.82 10.45 21.24 24.65
2 55 89 Single 24.62 12.88 | 21.75 17.35 19.95
3 55 89 Tandem 13.28 5.55 9.55 17.31 19.24

Note: Tandem axle truck data refer to maximum strain produced by the tandem axle of the
tandem axle truck.
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Table G.14 Additional maximum strains (ue) during testing on the 15 in (38 cm) section —

Winter data
=| speed | Speed FRL Interr_nediate Intermediate Su_rfacg Surface
E (mph) |(km/h) Truck | Trans. Longitudinal Transverse Longitudinal | Transverse
KM-002 KM-013|KM-011 KM-010 | KM-012 | WFLM-043 |WFLM-045
80 psi (552 kPa) Test Runs
1] 5 8 |Single | 42.78 | 31.02 | 41.35 | 30.59 24.57 38.78 42.82
3| 5 8 |Tandem| 2240 | 1522 | 13.40 | 38.99 40.13 30.47 31.38
1] 30 48 | Single | 34.08 | 23.36 | 29.27 | 21.82 19.41 48.54 47.65
3| 30 48 |Tandem| 17.56 11.47 12.48 24.47 22.69 40.59 40.67
1| 55 89 | Single| 27.80 | 16.06 | 17.31 | 13.43 13.27 55.32 58.50
3| 55 89 |Tandem| 16.28 9.13 8.42 18.72 21.50 47.87 40.77
110 psi (758 kPa) Test Runs
1] 5 8 |Single| 4194 | 30.76 | 39.75 | 26.10 21.70 29.19 40.46
11 5 8 |Tandem| 2154 | 14.03 | 13.05 | 31.99 29.86 29.19 27.75
2| 30 48 | Single | 36.41 | 24.60 | 29.42 | 18.84 18.70 37.84 41.53
1| 30 48 |Tandem| 17.07 | 11.00 | 10.15 | 24.93 24.75 36.20 36.60
2| 55 89 | Single | 26.67 | 16.36 | 19.36 | 14.47 12.88 50.23 49.88
3| 55 89 [Tandem| 13.04 8.28 10.02 | 22.37 18.77 36.20 34.50
125 psi (862 kPa) Test Runs
3| 5 8 |Single | 39.44 | 26.86 | 34.22 | 22.27 19.30 30.56 40.32
2| 5 8 |Tandem| 20.84 | 1251 | 11.70 | 27.09 29.34 26.82 26.75
1| 30 48 | Single | 34.05 | 22.17 | 26.15 | 15.64 16.59 39.26 47.99
2| 30 48 |Tandem| 18.10 9.98 10.01 | 19.72 23.04 36.56 34.56
1| 55 89 | Single | 22.70 | 12.10 | 1452 | 10.86 9.63 38.61 48.81
1| 55 89 ([Tandem| 17.01 7.57 8.51 18.79 16.18 28.60 26.98

Note: Tandem axle truck data refers to maximum strain produced by the tandem axle of the
tandem axle truck.
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Table G.15 Maximum strains (ue) from the steer axle of the tandem axle truck on the 13 in (33
cm) section — Winter data

Speed | Speed Longitud_inal Strain Gages | Transverse Strain Gages Located in
Run (mph) | (km/h) Located in the Base Layer the Base Layer
KM-005 | KM-008 | PM-005 | KM-007 | PM-004 | PM-006
80 psi (552 kPa) Test Runs
1 5 8 5.30 5.19 6.88 6.23 NA 4.64
2 30 48 5.19 4.75 6.26 5.13 5.32 6.23
3 55 89 3.58 3.35 5.29 4.45 3.84 4.11
110 psi (758 kPa) Test Runs
1 5 8 5.65 5.72 7.81 6.55 6.66 7.42
2 30 48 4.09 4.31 6.01 3.51 2.94 4.15
3 55 89 3.91 3.84 4.89 4.04 4.08 4.57
125 psi (862 kPa) Test Runs
3 5 8 6.13 5.63 8.11 7.27 7.43 8.12
1 30 48 4.90 4.85 6.36 5.65 4.99 5.39
3 55 89 3.72 3.84 5.74 4.84 5.08 5.75

Table G.16 Maximum strains (ue) from the steer axle of the tandem axle truck on the 15 in (38
cm) section — Winter data

Speed | Speed Longitud_inal Strain Gages | Transverse Strain Gages Located in
Run (mph) | (km/h) Located in the Base Layer the Base Layer
PM-005 | KM-005 | KM-008 [ PM-004 | PM-006 | KM-007
80 psi (552 kPa) Test Runs
1 5 8 6.80 NA 4.85 4.93 7.18 5.08
2 30 48 5.26 NA 4.03 4.80 5.78 5.43
3 55 89 5.40 NA 3.02 4.34 5.18 3.33
110 psi (758 kPa) Test Runs
1 5 8 7.87 NA 4.88 5.98 7.65 6.23
2 30 48 5.37 NA 3.36 3.84 5.55 4.33
3 55 89 5.55 NA 2.89 4.68 5.37 3.23
125 psi (862 kPa) Test Runs
3 5 8 7.32 NA 5.25 5.62 7.97 6.11
1 30 48 5.74 NA 3.47 4.13 5.01 4.18
3 55 89 5.07 NA 2.34 3.93 421 2.56
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Table G.17 Additional maximum strains (ue) from the steer axle of the tandem axle truck on the
13 in (33 cm) section — Winter data

Speed | Speed FRL Intermed!ate Intermediate
Run (mph) | (km/h) Transverse| Longitudinal Transverse
PM-002 |KM-011|KM-013|KM-010|KM-012
80 psi (552 kPa) Test Runs
1 5 8 9.41 NA 19.05 | 26.14 | 26.36
2 30 48 12.11 NA 17.20 | 14.11 | 15.72
3 55 89 9.04 NA 1153 | 12.80 | 15.87
110 psi (758 kPa) Test Runs
1 5 8 15.01 NA 21.28 | 18.64 | 21.43
2 30 48 8.63 NA 12.66 | 21.29 | 23.14
3 55 89 8.63 4.98 NA 15.73 | 17.80
125 psi (862 kPa) Test Runs
3 5) 8 15.16 NA 23.22 17.42 18.05
1 30 48 10.56 NA 16.30 | 18.32 | 19.37
3 55 89 11.4 NA 11.33 12.14 13.71

Table G.18 Additional maximum strains (ue) from the steer axle of the tandem axle truck on the
15 in (38 cm) section — Winter data

= | speed | Speed FRL Interr_nediate Intermediate Su_rfac_e Surface
E (mph) |(km/h) Transverse| Longitudinal Transverse Longitudinal | Transverse
KM-002 |KM-013|KM-011|KM-010 | KM-012 [ WFLM-043 [WFLM-045
80 psi (552 kPa) Test Runs
3| 5 8 18.75 13.88 | 13.75 | 13.30 | 11.50 19.32 30.22
3] 30 48 14.75 11.21 | 10.68 6.50 6.30 37.74 38.32
3] 55 89 13.64 5.99 6.63 6.51 4.67 43.19 47.66
110 psi (758 kPa) Test Runs
1| 5 8 18.19 13.80 | 15.93 8.42 8.15 20.70 28.83
1] 30 48 15.10 10.42 9.89 8.33 6.58 29.59 41.81
3] 55 89 12.27 5.61 6.37 5.96 4.93 40.18 42.45
125 psi (862 kPa) Test Runs
2| 5 8 17.70 12.54 | 13.67 7.92 6.81 21.54 26.29
2| 30 48 13.42 7.91 7.75 8.52 7.29 27.31 36.07
1] 55 89 10.86 4.21 4.52 8.27 8.65 21.64 27.23
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Summer data

Table G.19 Maximum strains (ue) for the 11 in (28 cm) section with tire pressure of 80 psi (552 kPa) — Summer data

o : . Longitudinal Strain Gages |Transverse Strain Gages Located
RUN Longitudinal Strain Gages Located in the FRL Locgte din the Base La?/er in the Base Lgyer
KM-001 | KM-002 | KM-003 | PM-001 | PM-002 | PM-003 | KM-004 | KM-006 | PM-005 | KM-005 | PM-004 | PM-006
Single Axle 5 mph (8 km/h) Test Runs
1 106.55 137.69 119.03 80.00 96.15 102.80 58.22 73.71 61.15 38.31 42.69 40.37
2 103.01 135.23 110.13 78.80 93.40 97.58 54.92 69.60 62.58 3241 39.77 38.94
3 73.38 104.92 86.78 57.72 69.74 74.19 26.35 40.98 34.75 18.79 20.21 19.95
Tandem Axle 5 mph (8 km/h) Test Runs
1 82.63 106.26 88.74 65.02 74.18 79.97 30.33 42.14 42.00 21.49 23.81 24.37
2 83.00 104.12 91.07 62.50 72.22 77.88 35.66 44.17 49.97 -30.33 52.62 43,51
3 61.80 71.41 64.77 44.76 54.60 53.55 16.23 25.71 28.16 17.63 25.13 22.57
Single Axle 30 mph (48 km/h) Test Runs
1 67.60 96.38 83.19 58.75 68.52 70.08 24.47 38.19 35.01 16.27 19.76 18.85
2 67.78 102.83 92.64 59.51 66.01 67.93 -23.77 39.38 31.46 18.58 22.70 17.89
3 63.51 85.39 68.37 58.60 69.71 68.81 17.37 25.05 20.87 14.26 16.68 15.73
Tandem Axle 30 mph (48 km/h) Test Runs
1 54.94 76.18 58.50 45.03 56.02 57.69 15.06 25.49 19.63 -6.80 -8.70 -15.40
2 56.77 74.45 73.85 49.18 58.07 55.00 -17.41 28.48 18.90 10.76 -8.82 -9.09
3 43.34 65.14 60.30 36.33 51.37 54.65 10.68 18.97 12.11 -4.82 -12.08 | -13.11
Single Axle 55 mph (89 km/h) Test Runs
1 66.96 92.12 76.54 58.11 70.15 71.19 18.35 28.32 21.67 15.96 16.06 16.15
2 67.57 92.09 75.67 58.61 70.51 72.31 18.31 27.73 21.87 15.46 16.55 16.11
Tandem Axle 55 mph (89 km/h) Test Runs
1 44.04 63.97 59.06 36.94 51.82 53.69 10.48 17.30 14.74 -12.28 -12.10 13.72
2 44.38 66.07 60.44 36.58 52.29 55.01 11.33 8.46 13.41 -4.83 -13.28 | -14.27

Note: no third run at 55 mph (89 km/h)

243




Table G.20 Maximum strains (ue) for the 11 in (28 cm) section with tire pressure of 110 psi (758 kPa) — Summer data

N . . Longitudinal Strain Gages |Transverse Strain Gages Located
RUN Longitudinal Strain Gages Located in the FRL Locgte d'in the Base La?/er in the Base Lgyer
KM-001 | KM-002 | KM-003 | PM-001 | PM-002 | PM-003 | KM-004 | KM-006 | PM-005 | KM-005 | PM-004 | PM-006
Single Axle 5 mph (8 km/h) Test Runs
1 96.70 138.67 | 109.64 79.55 95.30 94.58 54.10 65.47 52.27 42.50 54.67 47.97
2 101.90 | 140.14 | 125.44 83.23 98.48 99.04 63.14 74.85 64.74 40.80 46.47 41.36
3 105.32 143.25 | 119.04 84.70 98.52 103.47 64.71 81.40 68.96 48.52 50.21 44.56
Tandem Axle 5 mph (8 km/h) Test Runs
1 79.04 102.22 85.63 58.88 70.76 73.31 43.04 56.31 54.62 44.26 58.81 55.32
2 70.21 99.51 89.04 58.40 66.73 68.09 37.15 49.73 44.43 43.21 53.21 44.53
3 80.02 105.32 87.61 61.84 72.15 77.07 29.83 42.87 43.93 -26.38 -25,51 | -25.41
Single Axle 30 mph (48 km/h) Test Runs
1 66.99 100.34 87.19 59.41 68.89 69.74 26.76 42.92 36.69 19.30 23.67 21.52
2 67.91 98.44 79.47 53.78 65.44 69.87 25.60 40.53 35.35 17.79 20.67 21.12
3 66.51 98.67 84.05 56.02 66.98 69.86 27.02 42.08 35.49 18.07 21.08 20.75
Tandem Axle 30 mph (48 km/h) Test Runs
1 53.73 68.54 69.30 47.45 52.30 56.60 12.32 26.65 24.36 -11.08 -17.59 | -17.85
2 56.37 72.71 56.74 43.49 50.57 54.37 17.19 26.92 19.36 -8.37 -10.59 -12.95
3 57.51 72.23 57.54 41.48 54.95 53.64 16.44 26.65 19.74 -7.03 -13.05 | -14.47
Single Axle 55 mph (89 km/h) Test Runs
1 60.27 89.41 78.33 48.92 59.06 62.06 17.78 30.03 19.49 17.86 16.88 15.60
2 54.12 80.56 68.87 44.76 55.41 56.45 15.44 26.84 20.67 9.95 12.91 15.64
3 60.71 89.02 77.71 48.65 59.30 62.56 18.70 29.70 20.26 17.26 16.04 16.51
Tandem Axle 55 mph (89 km/h) Test Runs
1 49.73 69.56 48.05 43.85 46.70 47.65 10.60 17.28 15.78 -11.69 13.85 14.74
2 49.75 67.19 49.57 43.56 46.54 49.02 10.95 17.36 16.29 -13.00 14.83 16.03
3 47.22 66.81 49.63 43.51 46.02 49.39 10.41 17.56 16.25 -10.94 -13.01 13.29
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Table G.21 Maximum strains (ue) for the 11 in (28 cm) section with tire pressure of 125 psi (862 kPa) — Summer data
Longitudinal Strain Gages| Transverse Strain Gages
Located in the Base Layer | Located in the Base Layer
KM-001|KM-002|KM-003|PM-001|PM-002|PM-003|KM-004|KM-006|PM-005| KM-005|PM-004|PM-006
Single Axle 5 mph (8 km/h) Test Runs
1 | 80.97 | 108.01 | 102.02 | 73.44 | 86.14 | 91.41 | 42.80 | 59.82 | 39.00 | 43.35 | 31.73 | 21.44
2 | 107.46 | 138.15 | 115.93 | 83.51 | 99.76 |105.85| 62.57 | 83.58 | 70.44 | 44.23 | 53.18 | 47.72
3 |1100.64 | 138.56 | 119.50 | 79.84 | 95.76 | 99.10 | 63.41 | 75.88 | 65.72 | 53.07 | 53.44 | 52.38
Tandem Axle 5 mph (8 km/h) Test Runs
1 | 7283 | 91.63 | 79.71 | 56.76 | 65.83 | 68.17 | 40.56 | 48.22 | 54.10 | 33.49 | 61.08 | 56.90
2 | 76.40 | 99.37 | 80.06 | 58.12 | 69.91 | 72.19 | 38.24 | 52.74 | 54.04 | 26.42 | 50.90 | 52.44
3 | 73.20 | 9454 | 81.44 | 56.39 | 67.44 | 70.00 | 33.60 | 46.33 | 51.06 | -21.21 | 46.93 | 45.67
Single Axle 30 mph (48 km/h) Test Runs
1 | 7391 | 99.57 | 78.13 | 53.44 | 68.73 | 78.48 | 32.00 | 41.94 | 3590 | 24.88 | 24.46 | 24.05
2 | 6121 | 8392 | 7281 | 61.25 | 72.89 | 70.71 | 27.79 | 38.07 | 41.83 | 17.14 | 25.02 | 24.38
3 | 66.35 | 91.15 | 74.48 | 60.30 | 74.09 | 74.54 | 30.05 | 40.42 | 40.91 | 21.69 | 25.02 | 24.88
Tandem Axle 30 mph (48 km/h) Test Runs
1 | 5447 | 66.84 | 51.20 | 42.98 | 49.32 | 48.10 | 15.10 | 24.68 | 23.13 | -8.79 | -13.41 | -12.28
2 | 5841 | 6187 | 56.62 | 3751 | 51.09 | 4555 | 17.17 | 29.94 | 20.31 | 12.21 | -9.42 | -4.15
3 | 55.66 | 60.94 | 63.69 | 39.53 | 50.94 | 45.61 | 18.92 | 26.76 | 30.03 | -11.31 | 24.02 | 25.71
Single Axle 55 mph (89 km/h) Test Runs
1 | 4890 | 71.43 | 63.30 | 48.87 | 55.63 | 54.58 | 16.54 | 26.54 | 21.34 | 16.00 | 18.68 | 17.79
2 | 4779 | 70.64 | 60.11 | 49.39 | 56.22 | 54.00 | 16.25 | 25.46 | 23.42 | 13.30 | 18.55 | 17.45
3 | 48.30 | 70.75 | 59.89 | 47.72 | 54,51 | 53.29 | 15.91 | 25.17 | 22.44 | 11.83 | 17.36 | 17.04
Tandem Axle 55 mph (89 km/h) Test Runs
1 | 48.08 | 64.76 | 45.02 | 39.34 | 39.22 | 42.86 | 11.81 | 17.59 | 16.84 | -10.42 | 15.80 | 16.94
2 | 4843 | 64.63 | 47.23 | 40.85 | 43.97 | 4499 | 11.14 | 18.65 | 1430 | -2.98 | -10.65 | -9.82
3 | 4858 | 66.44 | 48.81 | 41.92 | 45.03 | 4597 | 12.10 | 18.94 | 1356 | -3.41 | -10.92 | -10.34

RUN Longitudinal Strain Gages Located in the FRL
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Table G.22 Maximum strains (pe) for the 13 in (33 cm) section with tire pressure of 80 psi (552 kPa) — Summer data
Longitudinal Strain Gages Located in the| Longitudinal Strain Gages Transverse Strain Gages
Run FRL Located in the Base Layer Located in the Base Layer
KM-001 | KM-002 | KM-003 | PM-003 | KM-005 | KM-008 | PM-005 | KM-007 | PM-004 | PM-006
Single Axle 5 mph (8 km/h) Test Runs
1 76.16 80.77 1.29 61.84 | 35.91 31.02 37.69 37.99 65.94 | 33.03
2 83.97 85.04 1.11 64.39 39.01 34.11 41.46 43.68 70.19 | 35.86
3 77.81 83.25 1.35 62.09 35.62 30.81 37.80 40.27 66.04 | 32.87
Tandem Axle 5 mph (8 km/h) Test Runs
1 52.11 57.12 3.58 44.49 21.51 18.93 26.97 28.73 47.68 | 25.48
2 54.81 61.89 1.43 43.60 22.06 20.82 26.02 28.93 51.16 | 26.93
3 55.18 60.40 1.58 45.95 21.13 20.19 23.40 7.84 42,30 | 12.42
Single Axle 30 mph (48 km/h) Test Runs
1 42.57 45.24 181 42.55 17.97 14.81 21.97 10.45 43.74 15.45
2 46.14 50.92 0.77 44.74 18.80 16.94 23.85 15.91 46.38 17.94
3 40.34 44.89 1.46 40.42 16.27 14.75 22.94 11.55 45.63 15.15
Tandem Axle 30 mph (48 km/h) Test Runs
1 38.42 38.70 1.33 34.66 14.31 11.50 20.12 19.72 39.92 | 20.63
2 36.49 39.09 1.91 35.43 12.21 11.20 17.26 11.83 35.09 14.60
3 37.00 38.58 1.60 34.60 12.98 11.04 17.07 9.32 33.07 13.02
Single Axle 55 mph (89 km/h) Test Runs
1 36.30 39.86 1.02 37.48 12.37 12.65 17.31 10.60 40.40 | 13.24
2 40.65 42.15 1.25 40.42 14.58 12.71 19.61 14.16 42.66 15.86
3 39.91 42.06 | 363.49 | 40.11 14.21 11.80 19.01 13.68 44.43 16.84
Tandem Axle 55 mph (89 km/h) Test Runs
1 30.82 33.81 1.27 30.15 9.66 9.83 11.05 4.65 29.02 7.77
2 31.76 33.97 1.93 29.68 10.64 9.75 12.21 5.27 26.05 7.03
3 30.91 33.93 1.49 29.35 10.34 8.48 12.77 14.34 29.62 15.32
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Table G.23 Maximum strains (ue) for the 13 in (33 cm) section with tire pressure of 110 psi (758 kPa) — Summer data
Longitudinal Strain Gages Located in the| Longitudinal Strain Gages Transverse Strain Gages
Run FRL Located in the Base Layer Located in the Base Layer
KM-001 | KM-002 | KM-003 | PM-003 | KM-005 | KM-008 | PM-005 | KM-007 | PM-004 | PM-006
Single Axle 5 mph (8 km/h) Test Runs
1 69.26 71.36 1.27 56.86 36.51 27.39 36.47 43.24 62.03 | 32.86
2 74.02 77.14 1.20 59.97 39.00 31.40 40.97 45.39 66.41 | 38.14
3 74.82 73.38 1.88 59.78 35.88 31.06 40.70 45.03 68.10 | 37.70
Tandem Axle 5 mph (8 km/h) Test Runs
1 46.27 50.47 1.56 41.11 24.66 19.40 23.73 14.04 38.55 18.33
2 48.41 54.74 1.55 41.29 25.45 21.38 29.91 34.65 48.89 30.48
3 48.79 52.98 1.42 41.79 22.80 20.27 29.35 30.13 4955 | 29.35
Single Axle 30 mph (48 km/h) Test Runs
1 48.03 48.54 1.10 49.62 23.21 17.68 27.97 24.48 50.88 | 25.13
2 41.73 45.50 1.10 43.74 | 20.10 17.89 27.16 20.80 49.63 | 23.77
3 4251 46.06 1.33 44.60 20.23 17.54 26.10 18.79 4593 | 21.58
Tandem Axle 30 mph (48 km/h) Test Runs
1 29.05 32.62 1.75 30.29 12.13 10.70 14.49 6.58 27.17 7.54
2 29.87 34.58 2.39 30.37 14.15 12.34 19.69 20.39 36.25 | 20.65
3 32.49 34.40 1.44 29.57 12.65 9.76 14.26 7.89 30.69 10.51
Single Axle 55 mph (89 km/h) Test Runs
1 32.78 36.00 1.52 34.98 13.11 11.46 19.45 13.54 37.80 | 16.00
2 36.02 39.75 1.05 38.15 15.02 12.83 20.49 15.33 42.47 17.73
3 40.01 41.26 1.70 39.64 16.31 12.97 19.79 20.55 4430 | 19.28
Tandem Axle 55 mph (89 km/h) Test Runs
1 30.40 27.07 1.47 27.48 11.13 7.82 11.48 5.86 26.12 8.50
2 30.55 26.10 1.13 28.78 11.29 6.82 12.49 7.19 28.24 9.56
3 28.14 25.01 1.12 27.54 12.00 8.87 12.48 10.56 26.88 12.19
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Table G.24 Maximum strains (ue) for the 13 in (33 cm) section with tire pressure of 125 psi (862 kPa) — Summer data
Longitudinal Strain Gages Located in the| Longitudinal Strain Gages Transverse Strain Gages
Run FRL Located in the Base Layer Located in the Base Layer
KM-001 | KM-002 | KM-003 | PM-003 | KM-005 | KM-008 | PM-005 | KM-007 | PM-004 | PM-006

Single Axle 5 mph (8 km/h) Test Runs
1 62.65 73.99 | 25.56* | 56.50 38.75 32.75 41.71 42.03 63.21 | 37.97
2 70.11 71.86 | 62.25* | 57.61 38.52 31.97 42.67 46.89 63.96 | 39.97
3 70.67 72.11 115.8* | 58.54 37.18 34.65 43.55 44.82 63.93 40.23
Tandem Axle 5 mph (8 km/h) Test Runs
1 44.69 50.15 | 95.03* | 36.64 | 20.62 18.80 25.13 20.77 37.18 | 2243
2 47.23 52.06 | 48.34* | 39.23 24.39 20.71 27.99 31.62 43.06 | 26.80
3 44.43 62.88 | 34.41* | 38.45 22.49 20.38 23.89 16.63 3754 | 17.35
Single Axle 30 mph (48 km/h) Test Runs
1 39.05 43.63 1.39* | 40.59 19.39 16.12 24.23 17.01 38.79 18.83
2 35.54 39.84 1.13* | 39.24 18.18 15.10 23.73 14.67 40.99 19.16
3 38.47 42.72 1.45% | 42.07 19.46 15.17 25.83 19.10 42,70 | 21.92
Tandem Axle 30 mph (48 km/h) Test Runs
1 29.43 34.15 1.68* | 29.99 13.13 11.10 17.56 15.53 32.33 16.49
2 28.28 33.55 1.53* | 31.00 12.91 11.90 16.03 9.57 27.90 8.56
3 30.04 34.69 1.31* | 31.02 11.92 10.82 15.53 8.99 30.12 8.93
Single Axle 55 mph (89 km/h) Test Runs
1 36.34 39.71 1.19* | 38.62 15.98 13.22 20.27 19.27 41.39 19.38
2 29.08 34.25 1.12* | 31.52 12.63 11.04 15.98 11.77 32.49 12.94
3 36.85 40.23 1.64* | 37.18 15.71 14.18 20.42 20.77 41.03 | 20.22
Tandem Axle 55 mph (89 km/h) Test Runs
1 25.20 29.69 1.29* | 25.68 10.12 9.40 10.65 8.92 23.41 7.75
2 24.85 29.25 1.20* | 24.94 11.10 9.51 12.08 13.02 24.45 13.07
3 24.88 27.83 1.23* | 26.48 10.54 8.94 13.16 9.97 24.76 10.87
* Sensor KM-003 started giving bad readings
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Table G.25 Maximum strains (ue) for the 15 in (38 cm) section with tire pressure of 80 psi (552 kPa) — Summer data
Longitudinal Strain Gages Located in| Longitudinal Strain Gages | Transverse Strain Gages
Run the FRL Located in the Base Layer | Located in the Base Layer
PM-001 |PM-002 | PM-003 | KM-001 |PM-005 | KM-005 | KM-008 | PM-004 | PM-006 | KM-007
Single Axle 5 mph (8 km/h) Test Runs
1 7433 | 65.74 | 69.05 | 95.80 | 47.92 | 37.57 | 26.68 | 42.35 | 58.37 | 47.29
2 7520 | 72.71 | 65.90 | 102.18 | 44.29 | 39.45 | 28.30 | 4154 | 56.35 | 45.55
3 73.86 | 72.59 | 67.62 | 100.07 | 45.77 | 40.81 | 27.98 | 43.63 | 58.23 | 48.33
Tandem Axle 5 mph (8 km/h) Test Runs
1 5221 | 48.42 | 44.10 | 64.32 | 29.72 | 2424 | 17.76 | 23.17 | 32.39 | 29.01
2 51.99 | 46.92 | 44.04 | 66.85 | 30.06 | 25.07 | 17.93 | 2453 | 32.15 | 29.27
3 52.32 | 49.60 | 41.75 | 66.46 | 30.73 | 26.66 | 17.17 | 20.09 | 29.29 | 24.73
Single Axle 30 mph (48 km/h) Test Runs
1 60.03 | 5790 | 54.75 | 62.80 | 32.11 | 23.33 | 18.73 | 29.37 | 36.66 | 27.76
2 56.11 | 50.54 | 51.19 | 62.25 | 30.42 | 20.91 | 18.47 | 2825 | 35.64 | 27.74
3 58.64 | 56.48 | 54.42 | 66.32 | 31.35 | 23.00 | 18.90 | 28.98 | 37.49 | 29.77
Tandem Axle 30 mph (48 km/h) Test Runs
1 41.68 | 4251 | 35.02 | 4795 | 2150 | 15.15 | 13.89 | 19.66 | 21.98 | 21.70
2 4400 | 45.19 | 38.02 | 51.69 | 21.13 | 16.50 | 13.50 | 20.41 | 25.16 | 22.85
3 | 4388 | 4593 | 38.04 | 50.57 | 21.22 | 16.74 | 13.29 | 19.28 | 24.27 | 22.25
Single Axle 55 mph (89 km/h) Test Runs
1 45.04 | 3957 | 3892 | 4155 | 2264 | 13.86 | 12.10 | 20.88 | 25.39 | 17.34
2 A7.77 | 46.80 | 41.71 | 4492 | 2397 | 1561 | 1258 | 22.76 | 25.69 | 19.47
3 | 4245 | 36.01 | 38.14 | 4249 | 20.81 | 13.30 | 11.76 | 19.52 | 23.31 | 16.87
Tandem Axle 55 mph (89 km/h) Test Runs
1 40.01 | 4198 | 3737 | 4589 | 16.87 | 1482 | 1051 | 15.21 | 20.91 | 18.49
2 39.73 | 43.24 | 3753 | 4576 | 17.19 | 14.88 | 10.97 | 15.07 | 21.30 | 18.97
3 4051 | 4382 | 3759 | 46.81 | 17.20 | 15.14 | 10.27 | 14.46 | 20.94 | 18.57

249



Table G.26 Maximum strains (ue) for the 15 in (38 cm) section with tire pressure of 110 psi (758 kPa) — Summer data
Longitudinal Strain Gages Located in| Longitudinal Strain Gages | Transverse Strain Gages
Run the FRL Located in the Base Layer | Located in the Base Layer
PM-001 |PM-002 | PM-003 | KM-001 |PM-005 | KM-005 | KM-008 | PM-004 | PM-006 | KM-007
Single Axle 5 mph (8 km/h) Test Runs
1 7481 | 64.20 | 65.25 | 95.50 | 48.53 | 40.20 | 28,51 | 45.38 | 61.59 | 51.00
2 7290 | 65.40 | 66.73 | 95.96 | 49.37 | 40.94 | 28.92 | 4490 | 60.77 | 52.11
3 7292 | 6555 | 64.03 | 96.44 | 47.19 | 39.50 | 28.95 | 4355 | 60.13 | 49.70
Tandem Axle 5 mph (8 km/h) Test Runs
1 56.31 | 46.58 | 44.37 | 60.62 | 29.11 | 2555 | 16.54 | 27.76 | 39.92 | 32.03
2 5437 | 47.33 | 4557 | 59.94 | 29.97 | 26.89 | 18.64 | 23.71 | 33.73 | 30.82
3 52.05 | 4743 | 4471 | 70.16 | 3452 | 2691 | 1957 | 28.18 | 38.81 | 34.01
Single Axle 30 mph (48 km/h) Test Runs
1 59.57 | 54.71 | 46.32 | 56.00 | 32.38 | 21.39 | 20.67 | 30.91 | 33.39 | 28.34
2 62.28 | 57.33 | 49.17 | 55.67 | 34.88 | 21.47 | 18.81 | 3247 | 37.67 | 28.57
3 56.80 | 50.48 | 46.24 | 58.41 | 30.36 | 21.85 | 21.17 | 31.74 | 33.20 | 30.44
Tandem Axle 30 mph (48 km/h) Test Runs
1 46.91 | 4395 | 34.10 | 48.48 | 21.04 | 16.89 | 1286 | 21.17 | 27.05 | 22.62
2 4336 | 47.01 | 39.86 | 49.28 | 2292 | 1793 | 15.08 | 21.48 | 26.63 | 21.26
3 | 4321 | 45.71 | 37.14 | 5098 | 22.07 | 1856 | 14.24 | 20.49 | 26.24 | 22.00
Single Axle 55 mph (89 km/h) Test Runs
1 4858 | 48.42 | 44.00 | 48.63 | 25.39 | 18.36 | 14.38 | 22.44 | 2751 | 2177
2 48.21 | 49.33 | 4558 | 48.84 | 26.09 | 1841 | 14.03 | 2257 | 27.01 | 21.24
3 50.97 | 47.86 | 44.64 | 48.42 | 2650 | 17.76 | 14.11 | 2494 | 29.23 | 22.00
Tandem Axle 55 mph (89 km/h) Test Runs
1 4461 | 4749 | 3794 | 35.63 | 22.37 | 13.39 | 11.39 | 1955 | 23.69 | 17.60
2 4422 | 39.25 | 3054 | 32.69 | 19.74 | 1091 | 9.79 | 20.17 | 27.04 | 17.20
3 | 4559 | 46.31 | 3589 | 3537 | 2141 | 1295 | 10.63 | 18.85 | 23.74 | 15.83
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Table G.28 Maximum strains (ue) for the 15 in (38 cm) section with tire pressure of 125 psi (862 kPa) — Summer data
Longitudinal Strain Gages Located in| Longitudinal Strain Gages | Transverse Strain Gages
Run the FRL Located in the Base Layer | Located in the Base Layer
PM-001 |PM-002 | PM-003 | KM-001 |PM-005 | KM-005 | KM-008 | PM-004 | PM-006 | KM-007
Single Axle 5 mph (8 km/h) Test Runs
1 60.49 | 44.71 | 59.22 | 84.21 | 4454 | 36.09 | 25.87 | 39.61 | 53.34 | 42.07
2 7111 | 66.21 | 66.79 | 89.78 | 46.04 | 43.26 | 28.40 | 46.78 | 60.78 | 55.32
3 68.67 | 69.78 | 71.36 | 93.20 | 47.16 | 42.01 | 30.72 | 45.67 | 55.70 | 53.87
Tandem Axle 5 mph (8 km/h) Test Runs
1 49.76 | 42.70 | 38.88 | 60.96 | 29.66 | 25.47 | 17.23 | 23.80 | 36.69 | 32.62
2 4780 | 44.39 | 40.46 | 62.28 | 32.20 | 26.49 | 18.70 | 2499 | 33.61 | 32.96
3 | 49.90 | 40.93 | 3740 | 57.84 | 29.08 | 23.08 | 16.92 | 28.50 | 42.21 | 32.89
Single Axle 30 mph (48 km/h) Test Runs
1 58.52 | 60.64 | 51.53 | 57.78 | 37.92 | 2447 | 2144 | 27.24 | 36.25 | 26.74
2 5358 | 56.36 | 54.61 | 65.19 | 32.30 | 26.25 | 19.59 | 26.28 | 36.43 | 13.55
3 4554 | 4511 | 49.07 | 64.44 | 26.87 | 23.85 | 20.86 | 18.45 | 23.21 | 25.45
Tandem Axle 30 mph (48 km/h) Test Runs
1 41,92 | 4053 | 35.07 | 48.01 | 20.88 | 17.18 | 13.36 | 18.73 | 25.42 | 22.75
2 4261 | 42.33 | 3553 | 46.57 | 20.30 | 17.05 | 13.50 | 20.94 | 26.08 | 24.70
3 | 4230 | 4284 | 3333 | 48.88 | 21.38 | 17.82 | 1410 | 21.99 | 21.38 | 23.25
Single Axle 55 mph (89 km/h) Test Runs
1 46.05 | 44.78 | 4232 | 46.34 | 2558 | 17.17 | 14.18 | 23.25 | 29.25 | 22.76
2 46.38 | 45.16 | 41.71 | 4431 | 2563 | 17.83 | 13.83 | 24.18 | 28.67 | 21.67
3 | 46.07 | 4354 | 40.76 | 43.33 | 25.60 | 16.23 | 12.95 | 23.47 | 28.47 | 21.00
Tandem Axle 55 mph (89 km/h) Test Runs
1 43.01 | 40.02 | 3095 | 34.06 | 2045 | 1193 | 10.47 | 1839 | 24.76 | 16.85
2 4349 | 43.06 | 32.80 | 35.12 | 21.63 | 1252 | 11.08 | 18.64 | 23.20 | 17.63
3 | 4356 | 4144 | 3248 | 3364 | 21.19 | 12.74 | 1044 | 1796 | 22.38 | 16.44
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Table G.29 Maximum strains (ue) during tandem axle testing on the 11 in (28 cm) section — Summer data

Longitudinal Strain Gages| Transverse Strain Gages
Speed Longitudinal Strain Gages Located in the FRL  |Located in the Base Layer|Located in the Base Layer
Run | (mph) | (km/h) |KM-001]|KM-002|KM-003|PM-001]PM-002|PM-003|KM-004]K M-006|PM-005|KM-005[PM-004|PM-006
80 psi (552 kPa) Test Runs
2 5 8 83.00 | 104.12 | 91.07 | 62.50 | 72.22 | 77.88 | 35.66 | 44.17 | 49.97 | -30.33 | 52.62 | 43.51
3 30 48 43.34 | 65.14 | 60.30 | 36.33 | 51.37 | 54.65 | 10.68 | 18.97 | 12.11 | -4.82 | -12.08 | -13.11
1 55 89 44,04 | 63.97 | 59.06 | 36.94 | 51.82 | 53.69 | 10.48 | 17.30 | 14.74 | -12.28 | -12.10 | 13.72
110 psi (758 kPa) Test Runs
2 5 8 70.21 | 99.51 | 89.04 | 58.40 | 66.73 | 68.09 | 37.15 | 49.73 | 44.43 | 43.21 | 53.21 | 44,53
1 30 48 53.73 | 68.54 | 69.30 | 47.45 | 52.30 | 56.60 | 12.32 | 26.65 | 24.36 | -11.08 | -17.59 | -17.85
1 55 89 49.73 | 69.56 | 48.05 | 43.85 | 46.70 | 47.65 | 10.60 | 17.28 | 15.78 | -11.69 | 13.85 | 14.74
125 psi (862 kPa) Test Runs
1 5 8 72.83 | 91.63 | 79.71 | 56.76 | 65.83 | 68.17 | 40.56 | 48.22 | 54.10 | 33.49 | 61.08 | 56.90
3 30 48 55.66 | 60.94 | 63.69 | 39.53 | 50.94 | 45.61 | 18.92 | 26.76 | 30.03 | -11.31 | 24.02 | 25.71
1 55 89 48.08 | 64.76 | 45.02 | 39.34 | 39.22 | 42.86 | 11.81 | 17.59 | 16.84 | -10.42 | 15.80 | 16.94
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Table G.30 Maximum strains (ne) during tandem axle testing on the 13 in (33 cm) section —
Summer data

Longitudinal Strain Gages| Transverse Strain Gages

Speed Located in the Base Layer|Located in the Base Layer
Run | (mph) | (km/h) |KM-005]KM-008]PM-005/KM-007|PM-004/PM-006
80 psi (552 kPa) Test Runs
2 5 8 22.06 | 20.82 | 26.02 | 28.93 | 51.16 | 26.93
2 30 48 12.21 | 11.20 | 17.26 | 11.83 | 35.09 | 14.60
3 55 89 10.34 | 8.48 | 12.77 | 14.34 | 29.62 | 15.32
110 psi (758 kPa) Test Runs
2 5 8 2545 | 21.38 | 29.91 | 34.65 | 48.89 | 30.48
2 30 48 14.15 | 12.34 | 19.69 | 20.39 | 36.25 | 20.65
1 55 89 1113 | 7.82 | 1148 | 586 | 26.12 | 8.50
125 psi (862 kPa) Test Runs
1 5 8 20.62 | 18.80 | 25.13 | 20.77 | 37.18 | 22.43
1 30 48 13.13 | 11.10 | 17.56 | 15.53 | 32.33 | 16.49
2 55 89 11.10 | 951 | 12.08 | 13.02 | 24.45 | 13.07

Table G.31 Maximum strains (ue) during tandem axle testing on the 15 in (38 cm) section —
Summer data

Longitudinal Strain Gages| Transverse Strain Gages

Speed Located in the Base Layer|Located in the Base Layer
Run | (mph) | (km/h) |PM-005]KM-005|KM-008|PM-004]PM-006]KM-007
80 psi (552 kPa) Test Runs
1 ) 8 29.72 | 2424 | 17.76 | 23.17 | 32.39 | 29.01
1 30 48 21.50 | 15.15 | 13.89 | 19.66 | 21.98 | 21.70
3 55 89 17.20 | 15.14 | 10.27 | 14.46 | 20.94 | 18.57
110 psi (758 kPa) Test Runs
2 5 8 29.97 | 26.89 | 18.64 | 23.71 | 33.73 | 30.82
1 30 48 21.04 | 16.89 | 12.86 | 21.17 | 27.05 | 22.62
3 55 89 21.41 | 12,95 | 10.63 | 18.85 | 23.74 | 15.83
125 psi (862 kPa) Test Runs
2 5 8 32.20 | 26.49 | 18.70 | 24.99 | 33.61 | 32.96
1 30 48 20.88 | 17.18 | 13.36 | 18.73 | 25.42 | 22.75
3 55 89 21.19 | 12.74 | 10.44 | 1796 | 22.38 | 16.44
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Appendix H: LVDT and pressure cell data from CVL tests on DEL-23.

Winter data

Table H.1a Maximum displacements and pressures on the 11 in (28 cm) section with tire
pressure of 80 psi (552 kPa) — English units, Winter data

RUn Displacement (mil) Pressure (psi)
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs
1 4.01 1.78 1.16 4.73 3.927 4.186
2 3.95 1.88 1.09 4.63 3.637 3.911
3 4.17 1.70 1.19 4.84 3.847 4.189
Tandem Axle 5 mph Test Runs
1 2.77 1.31 0.67 3.16 2.046 2.172
2 3.02 1.17 0.69 3.43 1.998 2.116
3 3.04 0.87 0.69 3.67 2.069 2.211
Single Axle 30 mph Test Runs
1 3.17 NA 0.85 4.13 2.851 2.594
2 3.61 NA 0.92 441 2.428 2.655
3 3.11 1.51 0.79 3.75 3.371 2.914
Tandem Axle 30 mph Test Runs
1 2.84 1.45 0.50 3.03 1.891 1.701
2 2.93 0.79 0.50 3.06 1.750 1.595
3 2.89 0.57 0.51 2.88 1.844 1.842
Single Axle 55 mph Test Runs
1 3.85 1.75 0.69 3.51 2.081 2.000
2 3.70 1.38 0.72 3.72 2.127 2.126
3 3.83 1.71 0.66 3.18 2.149 1.896
Tandem Axle 55 mph Test Runs
1 2.10 0.43 0.46 2.50 1.743 1.921
2 2.23 0.86 0.46 2.56 1.603 1.702
3 2.37 NA 0.46 2.38 1.730 1.243

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.1b Maximum displacements and pressures on the 11 in (28 cm) section with tire
pressure of (552 kPa) — metric units, Winter data

RUn Displacement (pum) Pressure (kPa)
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 102 45 29 120 27.08 28.86
2 100 48 28 118 25.08 26.97
3 106 43 30 123 26.52 28.88
Tandem Axle 8 km/h Test Runs
1 70 33 17 80 14.11 14.98
2 77 30 18 87 13.78 14.59
3 77 22 18 93 14.27 15.24
Single Axle 48 km/h Test Runs
1 81 NA 22 105 19.66 17.89
2 92 NA 23 112 16.74 18.31
3 79 38 20 95 23.24 20.09
Tandem Axle 48 km/h Test Runs
1 72 37 13 77 13.04 11.73
2 74 20 13 78 12.07 11.00
3 73 14 13 73 12.71 12.70
Single Axle 89 km/h Test Runs
1 98 44 18 89 14.35 13.79
2 94 35 18 94 14.67 14.66
3 97 43 17 81 14.82 13.07
Tandem Axle 89 km/h Test Runs
1 53 11 12 64 12.02 13.24
2 57 22 12 65 11.05 11.73
3 60 NA 12 60 11.93 8.57

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.2a Maximum displacements and pressures on the 11 in (28 cm) section with tire

pressure of 110 psi (758 kPa) — English units, Winter data

Displacement (mil)

Pressure (psi)

Run
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs
1 4.12 2.09 1.22 4.57 3.508 4.178
2 4.02 1.53 1.14 4.67 3.621 3.754
3 4.13 2.19 1.11 4.36 3.703 2.858
Tandem Axle 5 mph Test Runs
1 2.86 1.27 0.57 3.36 1.888 2.244
2 2.84 1.35 0.62 3.38 2.008 2.003
3 3.06 1.44 0.69 3.52 2.073 2.337
Single Axle 30 mph Test Runs
1 3.44 1.24 0.78 3.30 3.812 3.460
2 3.54 1.76 0.74 3.17 3.407 3.451
3 3.70 1.96 0.85 3.40 3.610 3.789
Tandem Axle 30 mph Test Runs
1 2.71 0.53 0.52 2.84 1.712 1.947
2 2.73 0.86 0.48 2.69 1.678 1.898
3 2.49 0.47 0.55 2.77 1.699 2.023
Single Axle 55 mph Test Runs
1 3.33 151 0.71 3.26 2.937 2.518
2 3.22 1.14 0.71 3.26 2.635 2.324
3 3.42 1.58 0.70 3.19 2.949 2.468
Tandem Axle 55 mph Test Runs
1 2.50 0.78 0.54 2.90 1.715 1.856
2 2.67 0.52 0.53 3.13 1.464 1.691
3 2.13 0.41 0.45 2.38 1.825 1.532

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.2b Maximum displacements and pressures on the 11 in (28 cm) section with tire
pressure of 110 psi (758 kPa) — metric units, Winter data

RUn Displacement (pum) Pressure (kPa)
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 105 53 31 116 24.19 28.81
2 102 39 29 119 24.97 25.88
3 105 56 28 111 25.53 19.71
Tandem Axle 8 km/h Test Runs
1 73 32 14 85 13.02 15.47
2 72 34 16 86 13.84 13.81
3 78 37 18 89 14.29 16.11
Single Axle 30 mph (48 km/h) Test Runs
1 87 31 20 84 26.28 23.86
2 90 45 19 81 23.49 23.79
3 94 50 22 86 24.89 26.12
Tandem Axle 30 mph (48 km/h) Test Runs
1 69 13 13 72 11.80 13.42
2 69 22 12 68 11.57 13.09
3 63 12 14 70 11.71 13.95
Single Axle 55 mph (89 km/h) Test Runs
1 85 38 18 83 20.25 17.36
2 82 29 18 83 18.17 16.02
3 87 40 18 81 20.33 17.02
Tandem Axle 55 mph (89 km/h) Test Runs
1 64 20 14 74 11.82 12.80
2 68 13 13 80 10.09 11.66
3 54 10 11 60 12.58 10.56

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.3a Maximum displacements and pressures on the 11 in (28 cm) section with tire

pressure of 125 psi (862 kPa) — English units, Winter data

Displacement (mil)

Pressure (psi)

Run
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs
1 3.98 2.15 1.17 4.42 3.750 3.638
2 4.00 2.12 1.18 4.48 3.783 3.719
3 3.95 2.13 1.14 4.54 3.678 3.834
Tandem Axle 5 mph Test Runs
1 2.66 1.77 0.59 3.05 1.919 2.094
2 2.87 1.12 0.62 3.38 1.784 2.155
3 3.00 1.11 0.67 3.46 1.944 2.248
Single Axle 30 mph Test Runs
1 3.50 1.83 0.96 4.12 2.356 3.250
2 3.75 1.39 0.97 3.90 2.427 3.629
3 3.46 1.83 0.89 3.93 2.524 3.206
Tandem Axle 30 mph Test Runs
1 2.70 1.20 0.46 2.74 1.648 1.830
2 2.45 1.25 0.55 2.62 1.426 1.806
3 2.63 0.51 0.56 2.76 1.577 1.865
Single Axle 55 mph Test Runs
1 3.01 1.07 0.85 3.74 3.127 3.261
2 2.83 1.69 0.73 3.77 2.083 2.593
3 2.97 1.10 0.83 3.56 2.768 2.960
Tandem Axle 55 mph Test Runs
1 2.90 0.80 0.49 3.19 1.170 1.545
2 2.52 0.84 0.48 3.13 1.132 1.517
3 2.42 0.46 0.54 2.96 1.739 1.822

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.3b Maximum displacements and pressures on the 11 in (28 cm) section with tire
pressure of 125 psi (862 kPa) — metric units, Winter data

RUn Displacement (pum) Pressure (kPa)
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 101 55 30 112 25.86 25.08
2 102 54 30 114 26.08 25.64
3 100 54 29 115 25.36 26.43
Tandem Axle 8 km/h Test Runs
1 68 45 15 77 13.23 14.44
2 73 28 16 86 12.30 14.86
3 76 28 17 88 13.40 15.50
Single Axle 48 km/h Test Runs
1 89 46 24 105 16.24 22.41
2 95 35 25 99 16.73 25.02
3 88 46 23 100 17.40 22.10
Tandem Axle 48 km/h Test Runs
1 69 30 12 70 11.36 12.62
2 62 32 14 67 9.83 12.45
3 67 13 14 70 10.87 12.86
Single Axle 89 km/h Test Runs
1 76 27 22 95 21.56 22.48
2 72 43 19 96 14.36 17.88
3 75 28 21 90 19.08 20.41
Tandem Axle 89 km/h Test Runs
1 74 20 12 81 8.07 10.65
2 64 21 12 80 7.80 10.46
3 61 12 14 75 11.99 12.56

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.4a Maximum displacements and pressures on the 13 in (33 cm) section with tire

pressure of 80 psi (552 kPa) — Engish units, Winter data

Displacement (mil)

Pressure (psi)

Run
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs
1 NA 0.97 0.98 4.50 0.815 1.538
2 NA 0.99 0.89 4.35 0.862 1.572
3 NA 0.98 1.00 4.65 0.829 1.582
Tandem Axle 5 mph Test Runs
1 NA 0.54 0.46 351 0.430 0.922
2 NA 0.58 0.48 3.64 0.443 0.927
3 NA 0.55 0.48 3.62 0.448 0.930
Single Axle 30 mph Test Runs
1 NA 0.77 0.78 3.98 0.627 1.199
2 NA 8.00 0.73 3.78 0.638 1.170
3 NA 0.77 0.72 3.60 0.631 1.292
Tandem Axle 30 mph Test Runs
1 NA 0.42 0.35 2.94 0.342 0.786
2 NA 0.44 0.35 3.12 0.367 0.807
3 2.07 0.43 0.34 3.03 0.346 0.795
Single Axle 55 mph Test Runs
1 2.53 0.64 0.75 4.01 0.410 0.995
2 NA 0.58 0.64 3.49 0.482 1.054
3 2.43 0.61 0.76 3.96 0.386 0.941
Tandem Axle 55 mph Test Runs
1 NA 0.41 0.39 3.14 0.284 0.708
2 2.04 0.37 0.37 3.15 0.294 0.703
3 NA 0.39 0.38 3.30 0.305 0.655

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.4b Maximum displacements and pressures on the 13 in (33 cm) section with tire
pressure of 80 psi (552 kPa) — metric units, Winter data

RUn Displacement (pum) Pressure (kPa)
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 NA 25 25 114 5.62 10.60
2 NA 25 23 110 5.94 10.84
3 NA 25 25 118 5.72 10.91
Tandem Axle 8 km/h Test Runs
1 NA 14 12 89 2.96 6.36
2 NA 15 12 92 3.05 6.39
3 NA 14 12 92 3.09 6.41
Single Axle 48 km/h Test Runs
1 NA 20 20 101 4.32 8.27
2 NA 203 19 96 4.40 8.07
3 NA 20 18 91 4.35 8.91
Tandem Axle 48 km/h Test Runs
1 NA 11 9 75 2.36 5.42
2 NA 11 9 79 2.53 5.56
3 53 11 9 77 2.39 5.48
Single Axle 89 km/h Test Runs
1 64 16 19 102 2.83 6.86
2 NA 15 16 89 3.32 7.27
3 62 15 19 101 2.66 6.49
Tandem Axle 89 km/h Test Runs
1 NA 10 10 80 1.96 4.88
2 52 9 9 80 2.03 4.85
3 NA 10 10 84 2.10 4.52

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.5a Maximum displacements and pressures on the 13 in (33 cm) section with tire

pressure of 110 psi (758 kPa) — English units, Winter data

Displacement (mil)

Pressure (psi)

Run
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs
1 NA 0.94 0.99 4.28 0.741 1.580
2 NA 0.98 1.02 4.36 0.782 1.571
3 NA 1.01 1.01 4.30 0.793 1.538
Tandem Axle 5 mph Test Runs
1 NA 0.53 0.44 3.43 0.445 0.888
2 NA 0.49 0.46 3.52 0.418 0.921
3 NA 0.54 0.46 3.55 0.453 0.953
Single Axle 30 mph Test Runs
1 NA 0.76 0.80 3.89 0.580 1.089
2 NA 0.79 0.88 3.99 0.555 1.044
3 NA 0.81 0.81 3.70 0.538 1.229
Tandem Axle 30 mph Test Runs
1 NA 0.53 0.41 2.96 0.330 0.777
2 2.11 0.44 0.36 2.97 0.329 0.766
3 NA 0.44 0.36 3.01 0.338 0.759
Single Axle 55 mph Test Runs
1 NA 0.61 0.74 3.46 0.581 1.226
2 NA 0.59 0.67 3.33 0.530 1.115
3 NA 0.60 0.67 3.37 0.511 1.074
Tandem Axle 55 mph Test Runs
1 2.08 0.42 0.37 2.94 0.305 0.763
2 1.80 0.39 0.37 2.98 0.340 0.694
3 1.92 0.36 0.34 3.03 0.290 0.690

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.5b Maximum displacements and pressures on the 13 in (33 cm) section with tire
pressure of 110 psi (758 kPa) — metric units, Winter data

RUn Displacement (pum) Pressure (kPa)
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 NA 24 25 109 5.11 10.89
2 NA 25 26 111 5.39 10.83
3 NA 26 26 109 5.47 10.60
Tandem Axle 8 km/h Test Runs
1 NA 13 11 87 3.07 6.12
2 NA 12 12 89 2.88 6.35
3 NA 14 12 90 3.12 6.57
Single Axle 48 km/h Test Runs
1 NA 19 20 99 4.00 7.51
2 NA 20 22 101 3.83 7.20
3 NA 21 21 94 3.71 8.47
Tandem Axle 48 km/h Test Runs
1 NA 13 10 75 2.28 5.36
2 54 11 9 75 2.27 5.28
3 NA 11 9 76 2.33 5.23
Single Axle 89 km/h Test Runs
1 NA 15 19 88 4.01 8.45
2 NA 15 17 85 3.65 7.69
3 NA 15 17 86 3.52 7.40
Tandem Axle 89 km/h Test Runs
1 53 11 9 75 2.10 5.26
2 46 10 9 76 2.34 4,78
3 49 9 9 77 2.00 4.76

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.6a Maximum displacements and pressures on the 13 in (33 cm) section with tire

pressure of 125 psi (862 kPa) — English units, Winter data

Displacement (mil)

Pressure (psi)

Run
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs
1 3.13 1.11 1.19 4.27 0.807 1.562
2 2.95 1.13 1.11 4.52 0.780 1.519
3 3.26 0.95 1.08 4.36 0.807 1.482
Tandem Axle 5 mph Test Runs
1 2.38 0.62 0.49 3.34 0.415 0.921
2 2.57 0.54 0.51 3.48 0.448 0.882
3 2.40 0.53 0.46 3.32 0.416 0.912
Single Axle 30 mph Test Runs
1 2.50 0.83 0.88 3.75 0.507 1.080
2 2.67 0.87 0.83 3.62 0.566 1.226
3 2.64 0.83 0.75 3.42 0.529 1.224
Tandem Axle 30 mph Test Runs
1 2.12 0.39 0.36 2.81 0.318 0.713
2 1.88 0.42 0.35 2.75 0.309 0.766
3 1.96 0.46 0.41 2.71 0.308 0.708
Single Axle 55 mph Test Runs
1 2.22 0.59 0.61 3.26 0.492 1.018
2 2.33 0.67 NA 3.56 0.467 0.960
3 2.40 0.68 0.72 3.60 0.434 0.872
Tandem Axle 55 mph Test Runs
1 1.80 0.39 0.37 2.98 0.340 0.694
2 1.76 0.36 0.32 2.71 0.323 0.718
3 1.84 0.36 0.32 2.70 0.347 0.761

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.6b Maximum displacements and pressures on the 13 in (33 cm) section with tire
pressure of 125 psi (862 kPa) — metric units, Winter data

RUn Displacement (pum) Pressure (kPa)
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 80 28 30 108 5.56 10.77
2 75 29 28 115 5.38 10.47
3 83 24 27 111 5.56 10.22
Tandem Axle 8 km/h Test Runs
1 60 16 12 85 2.86 6.35
2 65 14 13 88 3.09 6.08
3 61 13 12 84 2.87 6.29
Single Axle 48 km/h Test Runs
1 64 21 22 95 3.50 7.45
2 68 22 21 92 3.90 8.45
3 67 21 19 87 3.65 8.44
Tandem Axle 48 km/h Test Runs
1 54 10 9 71 2.19 4,92
2 48 11 9 70 2.13 5.28
3 50 12 10 69 2.12 4.88
Single Axle 89 km/h Test Runs
1 56 15 15 83 3.39 7.02
2 59 17 NA 90 3.22 6.62
3 61 17 18 91 2.99 6.01
Tandem Axle 89 km/h Test Runs
1 46 10 9 76 2.34 4.78
2 45 9 8 69 2.23 4.95
3 47 9 8 69 2.39 5.25

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.7a Maximum displacements and pressures on the 15 in (38 cm) section with tire
pressure of 80 psi (552 kPa) — English units, Winter data

Displacement (mil)

Pressure (psi)

Run
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs
1 7.36 1.45 1.41 4.38 1.882 2.034
2 7.54 1.41 1.36 4.40 1.841 1.985
3 7.38 1.41 1.37 4.39 1.883 2.066
Tandem Axle 5 mph Test Runs
1 6.30 0.74 0.75 3.60 1.529 1.701
2 6.13 0.76 0.73 3.55 1.489 1.725
3 6.24 0.74 0.71 3.58 1.525 1.731
Single Axle 30 mph Test Runs
1 6.04 1.10 1.07 3.69 1.686 1.777
2 6.44 1.18 1.03 3.45 1.664 1.907
3 6.79 1.22 1.06 3.66 1.602 1.925
Tandem Axle 30 mph Test Runs
1 5.34 0.67 0.59 2.89 1.443 1.663
2 4.94 0.64 0.58 2.68 1.345 1.712
3 5.22 0.62 0.69 2.96 1.408 1.442
Single Axle 55 mph Test Runs
1 5.45 0.89 0.97 3.52 1.284 1.559
2 4.81 0.82 0.89 3.19 1.567 1.763
3 4.96 0.84 0.91 3.31 1.460 1.669
Tandem Axle 55 mph Test Runs
1 5.25 0.48 0.58 2.77 1.282 1.560
2 511 0.52 0.58 2.86 1.248 1.531
3 5.27 0.49 0.57 2.80 1.281 1.575

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.7b Maximum displacements and pressures on the 15 in (38 cm) section with tire
pressure of 80 psi (552 kPa) — metric units, Winter data

RUn Displacement (pum) Pressure (kPa)
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 187 37 36 111 12.98 14.02
2 192 36 35 112 12.69 13.69
3 187 36 35 112 12.98 14.24
Tandem Axle 8 km/h Test Runs
1 160 19 19 91 10.54 11.73
2 156 19 19 90 10.27 11.89
3 158 19 18 91 10.51 11.93
Single Axle 48 km/h Test Runs
1 153 28 27 94 11.62 12.25
2 164 30 26 88 11.47 13.15
3 172 31 27 93 11.05 13.27
Tandem Axle 48 km/h Test Runs
1 136 17 15 73 9.95 11.47
2 125 16 15 68 9.27 11.80
3 133 16 18 75 9.71 9.94
Single Axle 89 km/h Test Runs
1 138 23 25 89 8.85 10.75
2 122 21 23 81 10.80 12.16
3 126 21 23 84 10.07 11.51
Tandem Axle 89 km/h Test Runs
1 133 12 15 70 8.84 10.76
2 130 13 15 73 8.60 10.56
3 134 12 14 71 8.83 10.86

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.8a Maximum displacements and pressures on the 15 in (38 cm) section with tire
pressure of 110 psi (758 kPa) — English units, Winter data

RUn Displacement (mil) Pressure (psi)
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs
1 7.14 1.44 1.39 4.21 1.802 1.959
2 7.11 1.47 1.35 4.27 1.782 1.967
3 7.06 1.47 1.38 4.22 1.781 1.940
Tandem Axle 5 mph Test Runs
1 6.08 0.74 0.81 3.36 1.415 1.635
2 5.96 0.68 0.67 3.55 1.453 1.651
3 6.19 0.70 0.64 3.40 1.473 1.646
Single Axle 30 mph Test Runs
1 6.07 1.07 1.18 3.36 1.668 1.661
2 6.34 1.21 1.10 3.39 1.709 1.793
3 6.21 1.14 1.13 3.51 1.704 1.795
Tandem Axle 30 mph Test Runs
1 5.44 0.58 0.57 2.82 1.346 1.573
2 5.49 0.63 0.60 2.72 1.311 1.531
3 5.42 0.63 0.62 2.74 1.300 1.483
Single Axle 55 mph Test Runs
1 4.48 0.73 0.80 2.64 1.360 1.384
2 5.10 0.87 0.95 3.06 1.343 1.463
3 5.46 0.99 0.80 2.90 1.354 1.299
Tandem Axle 55 mph Test Runs
1 3.65 0.49 0.62 3.34 1.248 1.081
2 3.82 0.54 0.59 3.07 1.281 1.214
3 4.08 0.45 0.51 2.78 1.251 1.312

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.8b Maximum displacements and pressures on the 15 in (38 cm) section with tire
pressure of 110 psi (758 kPa) — metric units, Winter data

RUn Displacement (pum) Pressure (kPa)
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 181 37 35 107 12.42 13.51
2 181 37 34 108 12.29 13.56
3 179 37 35 107 12.28 13.38
Tandem Axle 8 km/h Test Runs
1 154 19 21 85 9.76 11.27
2 151 17 17 90 10.02 11.38
3 157 18 16 86 10.16 11.35
Single Axle 48 km/h Test Runs
1 154 27 30 85 11.50 11.45
2 161 31 28 86 11.78 12.36
3 158 29 29 89 11.75 12.38
Tandem Axle 48 km/h Test Runs
1 138 15 14 72 9.28 10.85
2 139 16 15 69 9.04 10.56
3 138 16 16 70 8.96 10.22
Single Axle 89 km/h Test Runs
1 114 19 20 67 9.38 9.54
2 130 22 24 78 9.26 10.09
3 139 25 20 74 9.34 8.96
Tandem Axle 89 km/h Test Runs
1 93 12 16 85 8.60 7.45
2 97 14 15 78 8.83 8.37
3 104 11 13 71 8.63 9.05

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.9a Maximum displacements and pressures on the 15 in (38 cm) section with tire

pressure of 125 psi (862 kPa) — English units, Winter data

Displacement (mil)

Pressure (psi)

Run
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs
1 6.46 1.23 1.27 3.76 1.628 1.817
2 7.07 1.28 1.24 3.74 1.643 1.863
3 6.59 1.34 1.30 3.91 1.693 1.858
Tandem Axle 5 mph Test Runs
1 6.17 0.77 0.79 3.17 1.371 1.591
2 6.24 0.74 0.68 3.21 1.417 1.610
3 6.24 0.87 0.86 3.34 1.419 1.588
Single Axle 30 mph Test Runs
1 6.05 1.14 0.99 3.34 1.649 1.653
2 5.70 1.04 0.98 3.40 1.512 1.548
3 5.08 0.87 1.04 3.05 1.416 1.618
Tandem Axle 30 mph Test Runs
1 4.95 0.70 0.67 2.80 1.207 1.487
2 5.09 0.60 0.56 2.72 1.335 1.424
3 5.08 0.59 0.57 2.71 1.315 1.507
Single Axle 55 mph Test Runs
1 5.10 0.96 0.93 3.07 1.114 1.234
2 5.09 0.94 0.88 3.00 1.248 1.412
3 4.97 0.91 0.82 2.78 1.311 1.340
Tandem Axle 55 mph Test Runs
1 3.75 0.39 0.52 2.66 1.160 1.261
2 3.83 0.37 0.54 2.63 1.178 1.292
3 3.86 0.40 0.56 2.69 1.226 1.311

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.9b Maximum displacements and pressures on the 15 in (38 cm) section with tire
pressure of 125 psi (862 kPa) — metric units, Winter data

RUn Displacement (pum) Pressure (kPa)
LV-001 | LV-002 | LV-003 | LV-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 164 31 32 96 11.22 12.53
2 180 33 31 95 11.33 12.84
3 167 34 33 99 11.67 12.81
Tandem Axle 8 km/h Test Runs
1 157 20 20 81 9.45 10.97
2 158 19 17 82 9.77 11.10
3 158 22 22 85 9.78 10.95
Single Axle 48 km/h Test Runs
1 154 29 25 85 11.37 11.40
2 145 26 25 86 10.42 10.67
3 129 22 26 77 9.76 11.16
Tandem Axle 48 km/h Test Runs
1 126 18 17 71 8.32 10.25
2 129 15 14 69 9.20 9.82
3 129 15 14 69 9.07 10.39
Single Axle 89 km/h Test Runs
1 130 24 24 78 7.68 8.51
2 129 24 22 76 8.60 9.74
3 126 23 21 71 9.04 9.24
Tandem Axle 89 km/h Test Runs
1 95 10 13 68 8.00 8.69
2 97 9 14 67 8.12 8.91
3 98 10 14 68 8.45 9.04

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Summer data

Table H.10a Maximum displacements and pressures on the 11 in (28 cm) section with tire

pressure of 80 psi (552 kPa) — English units, Summer data

Displacement (mil)

Pressure (psi)

Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs

1 10.41 4.02 4.43 7.98 11.12 10.71

2 10.53 3.66 4.04 7.85 10.18 9.62

3 7.32 2.34 2.54 5.95 7.36 7.93
Tandem Axle 5 mph Test Runs

1 8.08 2.66 2.47 5.86 7.47 7.88

2 8.31 2.75 2.71 5.76 7.60 7.87

3 591 1.69 1.65 4.26 5.73 5.99
Single Axle 30 mph Test Runs

1 7.66 2.43 2.46 5.81 6.17 7.70

2 7.35 2.61 3.08 6.49 6.41 0.84

3 5.50 1.72 2.33 5.37 6.51 5.86
Tandem Axle 30 mph Test Runs

1 6.43 1.75 2.19 5.28 5.49 5.37

2 7.60 2.13 2.27 5.14 5.16 6.15

3 5.60 1.47 1.43 3.89 4.63 6.73
Single Axle 55 mph Test Runs

1 6.04 1.94 2.15 5.01 7.40 7.29

2 5.99 1.93 2.19 5.10 7.39 7.11
Tandem Axle 55 mph Test Runs

1 4,94 141 1.34 3.87 4,54 6.62

2 5.68 1.47 1.48 4.00 4.63 6.70

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs

There was no third run at 55 mph
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Table H.10b Maximum displacements and pressures on the 11 in (28 cm) section with tire
pressure of (552 kPa) — metric units, Summer data

Displacement (um) Pressure (kPa)
Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 264 102 113 203 77 74
2 267 93 103 199 70 66
3 186 59 65 151 51 55
Tandem Axle 8 km/h Test Runs
1 205 68 63 149 52 54
2 211 70 69 146 52 54
3 150 43 42 108 40 41
Single Axle 48 km/h Test Runs
1 195 62 62 148 43 53
2 187 66 78 165 44 68
3 140 44 59 136 45 40
Tandem Axle 48 km/h Test Runs
1 163 44 56 134 38 37
2 193 54 58 131 36 42
3 142 37 36 99 32 46
Single Axle 89 km/h Test Runs
1 153 49 55 127 51 50
2 152 49 56 130 51 49
Tandem Axle 89 km/h Test Runs
1 125 36 34 98 31 46
2 144 37 38 102 32 46

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
There was no third run at 89 km/h
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Table H.11a Maximum displacements and pressures on the 11 in (28 cm) section with tire

pressure of 110 psi (758 kPa) — English units, Summer data

Displacement (mil)

Pressure (psi)

Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs

1 10.05 3.92 4.27 7.70 9.82 11.00

2 10.07 3.81 4,22 7.61 10.23 11.68

3 11.19 4,12 4.63 8.15 10.69 10.92
Tandem Axle 5 mph Test Runs

1 7.38 2.64 2.78 5.66 7.13 7.95

2 7.07 2.68 2.66 5.21 6.18 7.40

3 7.82 2.54 2.36 5.86 7.49 7.68
Single Axle 30 mph Test Runs

1 7.03 2.42 2.63 5.78 6.28 8.30

2 6.79 2.04 2.25 5.47 6.71 6.86

3 6.53 2.13 2.28 5.65 6.33 7.78
Tandem Axle 30 mph Test Runs

1 5.77 1.70 1.72 4.32 5.25 6.60

2 6.02 1.70 1.86 4.75 4.98 5.57

3 6.02 1.66 1.75 4.58 5.13 5.58
Single Axle 55 mph Test Runs

1 6.40 2.09 1.89 4.68 6.04 7.74

2 5.63 1.63 1.36 4.10 5.12 6.50

3 6.56 2.02 1.79 4,57 6.12 7.69
Tandem Axle 55 mph Test Runs

1 4,74 1.44 1.06 3.73 5.55 4.80

2 441 1.42 1.08 3.74 5.66 4.97

3 477 1.44 1.09 3.77 5.46 4.98

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.11b Maximum displacements and pressures on the 11 in (28 cm) section with tire
pressure of 110 psi (758 kPa) — metric units, Summer data

Displacement (um) Pressure (kPa)
Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 255 100 108 196 68 76
2 256 97 107 193 71 81
3 284 105 118 207 74 75
Tandem Axle 8 km/h Test Runs
1 187 67 71 144 49 55
2 180 68 68 132 43 51
3 199 65 60 149 52 53
Single Axle 30 mph (48 km/h) Test Runs
1 179 61 67 147 43 57
2 172 52 57 139 46 47
3 166 54 58 144 44 54
Tandem Axle 30 mph (48 km/h) Test Runs
1 147 43 44 110 36 46
2 153 43 47 121 34 38
3 153 42 44 116 35 39
Single Axle 55 mph (89 km/h) Test Runs
1 163 53 48 119 42 53
2 143 41 35 104 35 45
3 167 51 45 116 42 53
Tandem Axle 55 mph (89 km/h) Test Runs

1 120 37 27 95 38 33
2 112 36 27 95 39 34
3 121 37 28 96 38 34

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.12a Maximum displacements and pressures on the 11 in (28 cm) section with tire

pressure of 125 psi (862 kPa) — English units, Summer data

Displacement (mil)

Pressure (psi)

Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs

1 8.57 3.42 3.48 NA 8.03 8.97

2 10.48 3.85 4.08 NA 10.84 10.41

3 10.92 4.01 4.23 NA 10.03 11.47
Tandem Axle 5 mph Test Runs

1 6.99 2.24 2.82 NA 6.84 7.76

2 6.98 2.52 2.13 NA 6.85 7.33

3 6.91 2.32 2.08 NA 6.69 7.63
Single Axle 30 mph Test Runs

1 7.08 2.17 2.53 NA 7.78 6.46

2 7.03 2.27 2.00 4,52 5.36 6.32

3 7.09 2.25 2.09 4.95 6.24 6.48
Tandem Axle 30 mph Test Runs

1 4.89 1.39 1.42 NA 5.02 5.26

2 5.87 1.50 1.83 3.99 5.32 4.98

3 5.12 1.44 1.47 3.53 5.33 5.54
Single Axle 55 mph Test Runs

1 6.04 1.79 1.96 4.90 4,12 5.50

2 5.84 1.66 1.89 4.85 4.08 521

3 5.89 1.62 181 4.79 4,14 5.20
Tandem Axle 55 mph Test Runs

1 4.42 1.44 1.03 3.65 4.72 4.90

2 4.80 1.45 1.10 3.78 4.80 4.98

3 4,71 151 1.11 3.89 4.90 5.22

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.12b Maximum displacements and pressures on the 11 in (28 cm) section with tire
pressure of 125 psi (862 kPa) — metric units, Summer data

Displacement (um) Pressure (kPa)
Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 218 87 88 NA 55 62
2 266 98 104 NA 75 72
3 277 102 107 NA 69 79
Tandem Axle 8 km/h Test Runs
1 178 57 72 NA 47 53
2 177 64 54 NA 47 51
3 176 59 53 NA 46 53
Single Axle 48 km/h Test Runs
1 180 55 64 NA 54 45
2 179 58 51 115 37 44
3 180 57 53 126 43 45
Tandem Axle 48 km/h Test Runs
1 124 35 36 NA 35 36
2 149 38 46 101 37 34
3 130 37 37 90 37 38
Single Axle 89 km/h Test Runs
1 153 45 50 124 28 38
2 148 42 48 123 28 36
3 150 41 46 122 29 36
Tandem Axle 89 km/h Test Runs
1 112 37 26 93 33 34
2 122 37 28 96 33 34
3 120 38 28 99 34 36

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.13a Maximum displacements and pressures on the 13 in (33 cm) section with tire

pressure of 80 psi (552 kPa) — Engish units, Summer data

Displacement (mil)

Pressure (psi)

Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs
1 6.02 NA 4.59 8.49 2.81 4.42
2 6.82 NA 5.09 9.04 3.04 4.81
3 6.25 NA 4.84 8.80 2.70 4.48
Tandem Axle 5 mph Test Runs
1 4.37 NA 3.48 6.92 1.99 3.46
2 4.44 NA 3.25 7.01 211 3.68
3 4.84 NA 2.56 7.20 2.03 3.52
Single Axle 30 mph Test Runs
1 3.66 NA 2.19 5.56 1.48 1.99
2 4,14 NA 2.77 5.92 1.61 2.60
3 3.64 NA 2.46 5.40 1.37 2.22
Tandem Axle 30 mph Test Runs
1 3.83 NA 2.24 5.70 1.32 2.53
2 3.46 NA 1.71 5.70 1.36 2.55
3 3.42 NA 1.73 5.75 1.36 2.59
Single Axle 55 mph Test Runs
1 3.58 NA 2.10 5.34 1.25 1.96
2 3.39 NA 2.26 5.47 1.44 2.19
3 3.46 NA 2.28 5.54 1.38 2.09
Tandem Axle 55 mph Test Runs
1 3.04 NA 1.68 5.45 1.24 2.32
2 3.34 NA 1.80 5.29 1.28 2.37
3 3.34 NA 1.80 5.31 1.20 2.55

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs

278




Table H.13b Maximum displacements and pressures on the 13 in (33 cm) section with tire
pressure of 80 psi (552 kPa) — metric units, Summer data

Displacement (um) Pressure (kPa)
Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 153 NA 117 216 19 30
2 173 NA 129 230 21 33
3 159 NA 123 224 19 31
Tandem Axle 8 km/h Test Runs
1 111 NA 88 176 14 24
2 113 NA 83 178 15 25
3 123 NA 65 183 14 24
Single Axle 48 km/h Test Runs
1 93 NA 56 141 10 14
2 105 NA 70 150 11 18
3 92 NA 62 137 9 15
Tandem Axle 48 km/h Test Runs
1 97 NA 57 145 9 17
2 88 NA 43 145 9 18
3 87 NA 44 146 9 18
Single Axle 89 km/h Test Runs
1 91 NA 53 136 9 13
2 86 NA 57 139 10 15
3 88 NA 58 141 10 14
Tandem Axle 89 km/h Test Runs
1 77 NA 43 138 9 16
2 85 NA 46 134 9 16
3 85 NA 46 135 8 18

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.14a Maximum displacements and pressures on the 13 in (33 cm) section with tire

pressure of 110 psi (758 kPa) — English units, Summer data

Displacement (mil)

Pressure (psi)

Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs
1 5.24 NA 3.95 7.65 2.33 4.20
2 5.56 NA 411 7.94 2.54 4.32
3 5.45 NA 4.16 7.82 2.59 4,22
Tandem Axle 5 mph Test Runs
1 3.92 NA 2.71 6.82 1.83 2.94
2 4,12 NA 2.77 6.27 181 3.21
3 4.09 NA 2.08 6.46 1.84 3.15
Single Axle 30 mph Test Runs
1 4.09 NA 2.77 6.14 1.60 2.18
2 3.54 NA 2.47 5.40 1.34 2.19
3 3.87 NA 2.49 5.46 1.48 2.11
Tandem Axle 30 mph Test Runs
1 3.12 NA 1.67 5.11 1.11 1.92
2 3.14 NA 1.61 5.18 1.16 2.23
3 3.03 NA 1.34 4.88 1.14 1.99
Single Axle 55 mph Test Runs
1 3.02 NA 1.62 4.62 1.10 1.65
2 3.12 NA 2.02 5.28 1.22 1.83
3 3.43 NA 2.29 5.65 1.30 2.16
Tandem Axle 55 mph Test Runs
1 2.85 NA 1.35 4.62 1.07 2.14
2 3.06 NA 1.64 4.81 1.09 2.05
3 2.94 NA 1.95 4.86 1.01 1.72

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.14b Maximum displacements and pressures on the 13 in (33 cm) section with tire
pressure of 110 psi (758 kPa) — metric units, Summer data

Displacement (um) Pressure (kPa)
Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 133 NA 100 194 16 29
2 141 NA 104 202 17 30
3 138 NA 106 199 18 29
Tandem Axle 8 km/h Test Runs
1 100 NA 69 173 13 20
2 105 NA 70 159 12 22
3 104 NA 53 164 13 22
Single Axle 48 km/h Test Runs
1 104 NA 70 156 11 15
2 90 NA 63 137 9 15
3 98 NA 63 139 10 15
Tandem Axle 48 km/h Test Runs
1 79 NA 42 130 8 13
2 80 NA 41 132 8 15
3 77 NA 34 124 8 14
Single Axle 89 km/h Test Runs
1 77 NA 41 117 8 11
2 79 NA 51 134 8 13
3 87 NA 58 144 9 15
Tandem Axle 89 km/h Test Runs
1 72 NA 34 117 7 15
2 78 NA 42 122 8 14
3 75 NA 50 123 7 12

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.15a Maximum displacements and pressures on the 13 in (33 cm) section with tire

pressure of 125 psi (862 kPa) — English units, Summer data

Displacement (mil)

Pressure (psi)

Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs
1 5.11 NA 3.51 7.02 2.32 3.65
2 5.14 NA 3.77 7.34 2.43 3.90
3 5.21 NA 3.78 7.53 2.54 3.79
Tandem Axle 5 mph Test Runs
1 3.58 NA 1.99 5.93 1.84 2.69
2 3.76 NA 1.99 6.13 1.85 3.07
3 4.04 NA 1.96 6.13 1.79 2.97
Single Axle 30 mph Test Runs
1 3.13 NA 2.05 4.82 1.39 1.78
2 3.18 NA 1.73 4.38 1.23 181
3 3.25 NA 2.14 4.66 1.31 1.92
Tandem Axle 30 mph Test Runs
1 2.87 NA 1.26 4.75 1.19 2.10
2 2.94 NA 151 5.06 1.14 2.06
3 3.07 NA 1.60 5.01 1.09 2.03
Single Axle 55 mph Test Runs
1 2.94 NA 1.85 4.89 1.21 1.79
2 2.74 NA 1.40 4.40 1.02 1.58
3 3.21 NA 211 5.31 1.21 2.06
Tandem Axle 55 mph Test Runs
1 2.99 NA 1.36 4.47 1.07 2.06
2 2.79 NA 1.09 4.23 1.09 2.14
3 3.05 NA 1.79 4.70 1.02 1.85

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.15b Maximum displacements and pressures on the 13 in (33 cm) section with tire
pressure of 125 psi (862 kPa) — metric units, Summer data

Displacement (um) Pressure (kPa)
Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 130 NA 89 178 16 25
2 131 NA 96 186 17 27
3 132 NA 96 191 17 26
Tandem Axle 8 km/h Test Runs
1 91 NA 51 151 13 19
2 96 NA 51 156 13 21
3 103 NA 50 156 12 20
Single Axle 48 km/h Test Runs
1 80 NA 52 122 10 12
2 81 NA 44 111 8 12
3 83 NA 54 118 9 13
Tandem Axle 48 km/h Test Runs
1 73 NA 32 121 8 14
2 75 NA 38 129 8 14
3 78 NA 41 127 7 14
Single Axle 89 km/h Test Runs
1 75 NA 47 124 8 12
2 70 NA 36 112 7 11
3 82 NA 54 135 8 14
Tandem Axle 89 km/h Test Runs
1 76 NA 35 114 7 14
2 71 NA 28 107 8 15
3 77 NA 45 119 7 13

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.16a Maximum displacements and pressures on the 15 in (38 cm) section with tire

pressure of 80 psi (552 kPa) — English units, Summer data

Displacement (mil)

Pressure (psi)

Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs

1 NA 6.56 5.03 10.89 1.59 2.78

2 NA 6.75 4,52 10.62 1.65 2.75

3 NA 6.77 4.98 11.23 1.63 2.78
Tandem Axle 5 mph Test Runs

1 NA 3.47 2.29 10.36 1.65 2.96

2 NA 4.06 2.70 10.98 1.68 2.97

3 NA 2.99 2.05 10.83 1.78 3.14
Single Axle 30 mph Test Runs

1 NA 3.96 2.81 7.80 1.21 2.21

2 NA 3.85 2.99 7.52 1.21 2.34

3 NA 4.00 2.93 7.79 1.28 2.37
Tandem Axle 30 mph Test Runs

1 NA 2.39 1.47 7.89 1.38 2.87

2 NA 2.62 2.24 9.14 1.48 2.69

3 NA 2.34 2.39 9.03 1.46 2.60
Single Axle 55 mph Test Runs

1 NA 2.71 2.30 7.55 0.90 1.75

2 NA 3.01 2.21 7.70 0.92 1.76

3 NA 2.61 2.36 7.70 0.92 1.78
Tandem Axle 55 mph Test Runs

1 NA 1.45 1.55 7.70 1.40 2.46

2 NA 1.52 1.80 7.80 141 251

3 NA 1.38 1.45 7.58 1.43 2.49

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.16b Maximum displacements and pressures on the 15 in (38 cm) section with tire
pressure of 80 psi (552 kPa) — metric units, Summer data

Displacement (um) Pressure (kPa)
Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 NA 167 128 277 11 19
2 NA 171 115 270 11 19
3 NA 172 126 285 11 19
Tandem Axle 8 km/h Test Runs
1 NA 88 58 263 11 20
2 NA 103 69 279 12 20
3 NA 76 52 275 12 22
Single Axle 48 km/h Test Runs
1 NA 101 71 198 8 15
2 NA 98 76 191 8 16
3 NA 102 74 198 9 16
Tandem Axle 48 km/h Test Runs
1 NA 61 37 200 10 20
2 NA 67 57 232 10 19
3 NA 59 61 229 10 18
Single Axle 89 km/h Test Runs
1 NA 69 58 192 6 12
2 NA 76 56 196 6 12
3 NA 66 60 196 6 12
Tandem Axle 89 km/h Test Runs
1 NA 37 39 196 10 17
2 NA 39 46 198 10 17
3 NA 35 37 193 10 17

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.17a Maximum displacements and pressures on the 15 in (38 cm) section with tire

pressure of 110 psi (758 kPa) — English units, Summer data

Displacement (mil)

Pressure (psi)

Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs

1 NA 5.12 3.69 9.87 1.56 2.70

2 NA 5.05 3.46 9.90 1.56 2.75

3 NA 4.76 3.62 9.78 1.56 2.64
Tandem Axle 5 mph Test Runs

1 NA 3.67 2.21 9.97 1.71 2.80

2 NA 2.57 1.78 9.55 1.67 2.90

3 NA 3.78 191 10.45 1.69 3.04
Single Axle 30 mph Test Runs

1 NA 2.97 2.02 5.98 1.03 2.35

2 NA 2.92 2.35 6.37 1.05 2.15

3 NA 3.21 2.20 6.32 1.09 2.45
Tandem Axle 30 mph Test Runs

1 NA 2.07 1.42 7.72 1.34 2.58

2 NA 2.07 1.44 8.22 1.36 2.68

3 NA 1.95 1.44 7.91 1.39 2.64
Single Axle 55 mph Test Runs

1 NA 2.36 1.78 6.65 0.97 1.76

2 NA 2.37 1.75 6.59 0.97 1.72

3 NA 2.46 2.00 6.93 0.99 1.77
Tandem Axle 55 mph Test Runs

1 NA 1.36 151 8.56 1.28 1.93

2 NA 2.08 1.80 8.76 1.22 1.87

3 NA 1.24 1.43 8.55 1.28 1.95

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.17b Maximum displacements and pressures on the 15 in (38 cm) section with tire
pressure of 110 psi (758 kPa) — metric units, Summer data

Displacement (um) Pressure (kPa)
Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 NA 130 94 251 11 19
2 NA 128 88 251 11 19
3 NA 121 92 248 11 18
Tandem Axle 8 km/h Test Runs
1 NA 93 56 253 12 19
2 NA 65 45 243 11 20
3 NA 96 49 265 12 21
Single Axle 48 km/h Test Runs
1 NA 75 51 152 7 16
2 NA 74 60 162 7 15
3 NA 82 56 161 7 17
Tandem Axle 48 km/h Test Runs
1 NA 53 36 196 9 18
2 NA 53 37 209 9 18
3 NA 50 37 201 10 18
Single Axle 89 km/h Test Runs
1 NA 60 45 169 7 12
2 NA 60 44 167 7 12
3 NA 62 51 176 7 12
Tandem Axle 89 km/h Test Runs
1 NA 35 38 217 9 13
2 NA 53 46 223 8 13
3 NA 31 36 217 9 13

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.18a Maximum displacements and pressures on the 15 in (38 cm) section with tire
pressure of 125 psi (862 kPa) — English units, Summer data

Displacement (mil) Pressure (psi)
Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 5 mph Test Runs
1 NA NA NA NA 1.48 2.72
2 NA NA NA NA 1.46 2.81
3 NA NA NA NA 1.52 2.76
Tandem Axle 5 mph Test Runs
1 NA NA NA NA 1.59 2.82
2 NA NA NA NA 1.56 2.87
3 NA NA NA NA 1.56 2.78
Single Axle 30 mph Test Runs
1 NA 3.11 1.82 7.04 1.07 2.35
2 NA 3.05 2.15 6.73 1.21 2.08
3 NA 2.75 1.56 6.29 1.15 2.22
Tandem Axle 30 mph Test Runs
1 NA 1.88 1.32 7.59 141 2.51
2 NA 2.27 1.94 8.10 1.36 2.45
3 NA 2.08 1.71 7.90 1.33 2.56
Single Axle 55 mph Test Runs
1 NA 2.13 1.77 6.52 0.94 1.68
2 NA 2.18 1.75 6.56 0.92 1.66
3 NA 2.14 181 6.57 0.91 1.63
Tandem Axle 55 mph Test Runs
1 NA 1.49 1.29 7.89 1.19 181
2 NA 1.29 1.44 8.18 1.25 1.92
3 NA 1.18 1.23 7.99 1.22 1.88

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Table H.18b Maximum displacements and pressures on the 15 in (38 cm) section with tire
pressure of 125 psi (862 kPa) — metric units, Summer data

Displacement (um) Pressure (kPa)
Run | LV-001 | LV-002 | LVv-003 | LVv-004 | PC-001 | PC-002
Single Axle 8 km/h Test Runs
1 NA NA NA NA 10 19
2 NA NA NA NA 10 19
3 NA NA NA NA 11 19
Tandem Axle 8 km/h Test Runs
1 NA NA NA NA 11 19
2 NA NA NA NA 11 20
3 NA NA NA NA 11 19
Single Axle 48 km/h Test Runs
1 NA 79 46 179 7 16
2 NA 77 55 171 8 14
3 NA 70 40 160 8 15
Tandem Axle 48 km/h Test Runs
1 NA 48 34 193 10 17
2 NA 58 49 206 9 17
3 NA 53 43 201 9 18
Single Axle 89 km/h Test Runs
1 NA 54 45 166 6 12
2 NA 55 44 167 6 11
3 NA 54 46 167 6 11
Tandem Axle 89 km/h Test Runs
1 NA 38 33 200 8 12
2 NA 33 37 208 9 13
3 NA 30 31 203 8 13

Note: LV-001 and LV-004 were deep LVDTs and LV-002 and LV-003 were shallow LVDTs
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Appendix I: Lateral tire offset data from CVL testing on DEL-23.

Table I.1a Average lateral tire offset — English units ( in), Winter data

11 in (28 cm) Section 13 in (33 cm) Section 15 in (38 cm) Section
Run Pressure (psi)
80 110 125 80 110 125 80 110 125
Single Axle 5 mph Test Runs
1 0.13 351 | 038 | 3.76 | 1.63 | 1.00 138 | 3.13 | 151
2 1.88 188 | 088 | 3.38 | 138 | 1.13 3.38 | 050 | 3.01
3 0.00 126 | 050 | 3.01 | 226 | 1.13 3.26 | 2.76 | 5.13
Tandem Axle 5 mph Test Runs
1 0.88 037 | 325 | 125 | 0.75 | 0.75 150 | 0.88 | 2.50
2 0.00 0.00 | 350 | 313 | 1.25 | 225 025 | 1.25 | 3.00
3 0.50 1.00 | 063 | 2.00 | 0.63 | 0.01 0.13 | 0.00 | 2.50
Single Axle 30 mph Test Runs
1 0.38 163 | 088 | 138 | 138 | 1.63 0.88 | 1.25 | 3.38
2 0.13 125 | 1.00 | 113 | 0.13 | 0.26 113 | 0.76 | 5.88
3 1.25 088 | 1.63 | 013 | 0.13 | 150 188 | 150 | 4.38
Tandem Axle 30 mph Test Runs
1 1.88 313 | 263 | 062 | 325 | 0.38 0.12 | 0.63 | 1.87
2 3.13 150 | 0.75 | 0.00 | 2.00 | 0.25 050 | 0.75 | 1.38
3 3.38 250 | 125 | 225 | 250 | 0.12 0.00 | 1.37 | 8.00
Single Axle 55 mph Test Runs
1 1.26 051 | 188 | 013 | 132 | 3.50 0.13 | 051 | 1.25
2 0.50 188 | 513 | 225 | 138 | 2.38 038 | 1.38 | 2.26
3 1.26 301 | 188 | 1.01 | 276 | 2.76 050 | 0.63 | 0.38
Tandem Axle 55 mph Test Runs
1 0.63 525 | 225 | 137 | 225 | 1.63 125 | 0.62 | 0.62
2 1.37 150 | 1.00 | 113 | 1.38 | 150 1.00 | 0.63 | 0.00
3 0.38 263 | 200 | 025 | 025 | 1.12 037 | 088 | 4.75
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Table 1.1b Average lateral tire offset — metric units (cm), Winter data

11 in (28 cm) Section | 13 in (33 cm) Section | 15 in (38 cm) Section

Run Pressure (kPa)

552 | 758 | 862 | 552 | 758 | 862 | 552 | 758 862

Single Axle 8 km/h Test Runs

1 1033|892 | 097 [955 414 | 254 |351|795| 384

2 |4.78| 478 | 224 | 859 | 351 | 287 |859|127| 7.65

3 1000|320 | 1.27 | 765|574 | 287 |828|7.01| 13.03

Tandem Axle 8 km/h Test Runs

1 1224|094 | 826 (318 | 191 | 191 |381|224| 6.35

2 1000 000 | 889 | 795|318 | 5.72 |0.64|3.18| 7.62

3 |127| 254 | 160 | 508 | 1.60 | 0.03 |0.33|0.00| 6.35

Single Axle 48 km/h Test Runs

1 1097| 414 | 224 (351|351 | 414 |224|318| 8.59

2 1033|318 | 254 | 287|033 | 066 |287|193| 1494

3 |318| 224 | 414 | 033|033 | 381 |478|381| 11.13

Tandem Axle 48 km/h Test Runs

1 [478| 795 | 6.68 [ 157|826 | 097 |030|160| 4.75

2 |795|381 | 191 |[0.00|508 | 064 |1.27|191| 351

3 1859|635 | 318 |572|635| 030 |0.00|348 | 20.32

Single Axle 89 km/h Test Runs

1 |320| 130 | 478 (033|335 | 889 |033]|130| 3.18

2 |127| 478 | 13.08 | 572 | 351 | 6.05 | 097|351 | 574

3 |320| 765 | 478 | 257|701 701 |1.27|160| 0.97

Tandem Axle 89 km/h Test Runs

1 1160|1334 | 572 (348|572 | 414 |3.18|157| 157

2 |348| 381 | 254 | 287|351 | 381 |254|160| 0.00

3 1097|668 | 508 | 0.64 | 0.64 | 284 |1094 224 | 12.07
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Table 1.2a Average lateral tire offset — English units ( in), Summer data

11 in (28 cm) Section \ 13 in (33 cm) Section \ 15 in (38 cm) Section

Run Tire pressure (psi)
80 | 110 | 125 | 80 | 110 | 125 | 80 | 110 | 125
Single Axle 5 mph Test Runs
1 2.13 0.88 | 288 | 3.38 | 0.38 | 400 | 0.63 | 0.50 | 3.88
2 3.88 163 | 150 | 213 | 0.75 | 213 | 263 | 1.00 | 0.63
3 3.50 050 | 063 | 163 | 1.50 | 150 | 150 | 0.88 | 0.88
Tandem Axle 5 mph Test Runs
1 0.63 275 | 200 | 088 | 288 | 138 | 0.63 | 213 | 2.25
2 0.50 288 | 238 | 0.00 | 050 | 1.75 | 225 | 0.63 | 1.00
3 0.75 013 | 225 | 100 | 0.88 | 1.38 | 1.00 | 1.13 | 3.50
Single Axle 30 mph Test Runs
1 4.13 2.75 | 063 | 888 | 575 | 6.88 | 0.00 | 1.63 | 4.88
2 1.63 438 | 063 | 6.13 | 538 | 6.63 | 1.25 | 0.25 | 3.38
3 1.50 425 | 350 | 738 | 588 | 6.75 | 1.75 | 0.88 | 5.88
Tandem Axle 30 mph Test Runs
1 2.38 063 | 088 | 250 | 3.63 | 1.00 | 150 | 1.13 | 0.25
2 2.88 3.13 | 400 | 025 | 150 | 238 | 250 | 150 | 3.50
3 1.75 225 | 100 | 025 | 175 | 3.00 | 250 | 150 | 250
Single Axle 55 mph Test Runs
1 2.13 088 | 225 | 6.88 | 6.63 | 538 | 3.75 | 2.13 | 0.50
2 1.88 563 | 363 | 525 | 500 | 800 | 150 | 250 | 1.13
3 7.88 2.38 | 400 | 6.38 | 263 | 3.13 | 350 | 0.25 | 0.25
Tandem Axle 55 mph Test Runs
1 0.13 025 | 088 | 238 | 163 | 325 | 3.00 | 2.38 | 250
2 1.25 113 [ 175 | 325 | 375 | 050 | 263 | 463 | 175
3 1150 | 050 | 1.38 | 1.25 | 6.00 | 475 | 1.75 | 1.88 | 0.50
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Table 1.2b Average lateral tire offset — metric units (cm), Summer data

11 in (28 cm) Section \ 13 in (33 cm) Section \ 15 in (38 cm) Section

Run Tire pressure (kPa)
552 | 758 | 862 | 552 | 758 | 862 | 552 | 758 | 862
Single Axle 8 km/h Test Runs
1 540 | 222 | 7.30 | 857 | 0.95 | 10.16 | 1.59 | 1.27 9.84
2 9.84 4.13 3.81 5.40 1.91 540 | 6.67 | 254 1.59
3 889 | 127 | 159 | 413 | 381 | 381 | 381 | 222 2.22
Tandem Axle 8 km/h Test Runs
1 159 | 699 | 508 | 222 | 730 | 3.49 | 159 | 540 5.72
2 127 | 730 | 6.03 | 0.00 | 1.27 | 445 | 572 | 159 2.54
3 191 | 032 | 572 | 254 | 222 | 349 | 254 | 286 8.89
Single Axle 48 km/h Test Runs
1 1048 | 699 | 159 | 2254 | 1461 | 1746 | 0.00 | 4.13 | 12.38
2 413 | 1111 | 159 | 1556 | 13.65 | 16.83 | 3.18 | 0.64 8.57
3 3.81 | 10.80 | 8.89 | 18.73 | 1492 | 17.15 | 445 | 222 | 14.92
Tandem Axle 48 km/h Test Runs
1 6.03 | 159 | 222 | 635 | 921 | 254 | 381 | 2.86 0.64
2 730 | 794 | 10.16 | 0.64 | 381 | 6.03 | 6.35 | 3.81 8.89
3 445 | 572 | 254 | 064 | 445 | 7.62 | 6.35 | 3.81 6.35
Single Axle 89 km/h Test Runs
1 5.40 2.22 572 | 17.46 | 16.83 | 13.65 | 9.53 | 5.40 1.27
2 476 | 1429 | 9.21 | 13.34 | 12.70 | 20.32 | 381 | 6.35 2.86
3 |2000 | 6.03 |10.16 | 16.19 | 6.67 | 794 | 8.89 | 0.64 0.64
Tandem Axle 89 km/h Test Runs
1 032 | 064 | 222 | 6.03 | 413 | 826 | 7.62 | 6.03 6.35
2 3.18 | 286 | 445 | 826 | 953 | 127 | 6.67 | 11.75 | 4.45
3 29.21 | 1.27 3.49 3.18 | 15.24 | 12.07 | 445 | 4.76 1.27
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Appendix J. PerRoad input values for DEL-23.

Table K.1 DEL-23 yearly volume by classification
Class 2012 2011 2010 |%AADTT
4| 15355 20410| 17644 1.85%
5| 88011| 133875| 194358| 14.41%
6| 20629 34935/ 33899 3.10%
-
8
9

19765 39726| 29546 3.08%

28322 45967 48003 4.23%
513809| 731327] 770020{ 69.74%
10 6052 8912| 10063 0.87%
11| 15656 23102| 24031 2.17%
12 3805 4995 5126 0.48%
13 665 578 842 0.07%

Table K.2 Average monthly temperature in Delaware, Ohio

Average

temperature
Month (°F) (°C)
January 29 -1.7
February 33 0.6
March 42 5.6
April 54 12.2
May 63 17.2
June 72 22.2
July 75 23.9
August 73 22.8
September 67 19.4
October 55 12.8
November 44 6.7
December 33 0.6
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